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ABSTRACT
A stratigraphic and sedimentologic investigation of the Kuibis Subgroup,
northern Nama Basin, was undertaken. An U-Pb zircon age determination
on an intercalated volcanic ash directly constrains the age of the subgroup to
be on the order of 550-548 Ma. The study involved logging eight sections
which were measured and described in detail, spanning the region extending
from Driedoornvlagte, located east of the Naukluft mountains, to Onis, at the
southern edge of the Naukluft Mountains, then southward along the
Namibian Escarpment to Zaris. The sections were correlated based on
lithologic characteristics as well as sequence stratigraphic attributes. In
addition, five of these sections were sampled at two- to five-meter intervals
for ' 3C isotopic data, including two in the main study area (the adjoining
farms of Donkergange and Zebra River), two southwards towards Zaris and
one at Driedoornvlakte, which sits structurally beneath the Naukluft Nappes.
Stratigraphic cross-sections constructed from the individual measured
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sections illustrate stratigraphic variability both across and perpendicular to
depositional strike.
The results of this study demonstrate that first-order stratigraphic patterns
were fundamentally influenced by accommodation variations produced
through differential subsidence related to tectonic loading along the edge of
the Kalahari craton. The Kuibis carbonate platform developed as a ramp
which was in part supplied by carbonate bioclastic debris generated by the
earth's oldest calcified organisms. Fossil contents are highest in association
with thrombolitic facies and suggest a strong substrate control on organism
habitat. However, the bulk of the sediment may have been produced through
aggregation of micrite, precipitated by abiotically or microbially-regulated
processes, to form larger, sand-sized particles. As such, the Kuibis platform
shares many characteristics in common with older Proterozoic carbonate
ramps, but also some features more typical of Paleozoic ramps.
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INTRODUCTION AND STATEMENT OF PROBLEM
Investigations of ancient carbonate platforms provide a unique and
effective method for assessing the physical, chemical and biotic forces
operating on biologic evolution. Patterns deduced from their long-term
development help document the evolution of carbonate-producing
organisms, secular changes in the composition of the ocean and atmosphere,
the succession of tectonic and subsidence regimes, the mechanisms and
magnitudes of eustasy, fluctuations in climate, and the physical conditions in
which sedimentation took place. For Phanerozoic carbonate platforms,
description of facies, formulation of models, and analysis of variability have
been highly successful in fulfilling these objectives (Heckel 1974; Wilson 1975;
Sandberg 1983; James 1984; Read 1985; Wilkinson et al. 1985).
In comparison, studies of Precambrian carbonate platforms are less
common and detailed models for their facies relationships and evolution are
in their early stages of development. However, within the last decade or so
Proterozoic carbonates been studied from the perspective of platform
evolution, considering the entire depositional system, and using modem
approaches and comprehensive analogues (Hoffman 1974; Cecile and
Campbell 1978;.: Bertrand-Sarfati and Moussine-Pouchkine 1983; Grotzinger
1986; Grotzinger 1986; Beukes 1987; Knoll and Swett 1990; Turner et al. 1993).
The general growth, spatial arrangement of facies, and evolution of many
Proterozoic carbonate sequences is surprisingly similar to younger platforms,
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although the individual facies are in most cases unique; syntheses of these
depositional systems provide useful tools for deciphering lithosphere-
biosphere-hydrosphere evolution (Grotzinger 1989; Grotzinger 1994). Even
Archean carbonate platforms and the processes controlling their
development, including stromatolite growth, are now becoming better
understood (Grotzinger et al. 1993; Sumner 1995; Sumner and Grotzinger
1996; Sumner 1997; Simonson et al. in press).
Today the most conspicuous gap in our understanding of the first-order,
long-term evolution of carbonate platforms concerns the transition from the
Proterozoic realm of microbial and abiotic carbonates to the Phanerozoic
world of metazoan- and metaphyte-dominated sediment production. The
explosive diversification in shelly invertebrates and burrowing infauna near
the Precambrian-Cambrian boundary (Valentine et al. 1991; Sepkoski 1992;
Bowring et al. 1993) resulted in a dramatic change in the fundamental
textures of facies and modes of carbonate production (Knoll et al. 1993;
Grotzinger 1994). A few studies of earliest Phanerozoic carbonates focus on
the structure and diversity of lower (but not lowest) Cambrian
Archeaocyathid-microbial reefs (e.g. Riding and Zhuravlev 1995), while
others involve studies of upper (but not the uppermost) Proterozoic
microbial reefs (e.g. Turner, Narbonne et al. 1993). However, there have been
only rare studies of the youngest Proterozoic carbonates, where the first
skeletalized invertebrates appear (Germs 1972; Grant 1990) along with the first
abundant calcified metaphytes (Grant et al. 1991). Recently, it has been shown
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that youngest terminal Neoproterozoic carbonate strata contain at least two
skeletalized invertebrate taxa and that several Cambrian-aspect small shelly
taxa also first appear in immediately sub-Cambrian carbonates (Grotzinger et
al. 1995). Consequently, it is essential to undertake systematic analysis of
terminal Neoproterozoic carbonates in order to properly document the first
influences of calcified invertebrates and metaphytes on sediment production,
platform paleoecology, and facies development.
The research reported here involves a detailed investigation of the
sedimentology, lithostratigraphy, chemostratigraphy, and sequence
stratigraphy, of a carbonate platform developed during latest Vendian time.
The carbonate sediments of the Kuibis Subgroup, northern Nama Basin,
contain the first evidence for the involvement of calcifying metazoans in the
production of carbonate sediments and thus document the progressive
influence of metazoan/metaphyte calcification on facies development and
platform structure. Consequently, it is important to establish the facies
distributions and stratigraphic architecture of the platform in order to
compare with both older and younger carbonate-producing systems for the
purpose of elucidating long-term changes in the modes of carbonate
production in shallow marine settings.
BACKGROUND: PROGRESS IN UNDERSTANDING THE TERMINAL
PROTEROZOIC EARTH
The time interval represented by the terminal Proterozoic (Vendian)
period and its transition into the Cambrian is one of the most significant in
7
the evolution of the earth. Major tectonic, biologic and geochemical events
occurred on a global scale and include the growth and reorganization of a
supercontinent, significant fluctuations in sea level and climate, the advent
of soft-bodied and small shelly metazoans, the isotopic and trace element
composition of seawater, and the composition of the atmosphere. Most of
these events are represented in the record of sediments that spans the
Vendian-Cambrian transition, and which is preserved on all continents.
Tectonically, the Vendian earth was likely in a state of supercontinental
aggregation and reorganization culminating in the birth of Gondwanaland
(Du Toit 1937; Dalziel 1991; Hoffman 1991; Moores 1991) and isolation of
Laurentia (Bond et al. 1984; Hoffman 1991). Recent speculation on the
configuration and development of Gondwanaland and its slightly older
manifestations has been prompted mostly by new high-precision U-Pb zircon
ages on many of the older Precambrian terranes of the world which allow
younger fragments to be pieced back together, by juxtaposing blocks with
similar histories, as if using piercing points in a structural geology problem.
The history of Gondwanaland and its predecessor(s) was complex but its
principal components are well known. However, the details of its kinematic
history are poorly understood owing to insufficient paleomagnetic data and
temporal constraints as emphasized by Hartnady (1991). Large uncertainties
are introduced into these plate-scale palinspastic reconstructions because of a
diffuse understanding of the timing of extensional and compressional events
along the margins of each of the constituent components in the
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Gondwanaland collage. Future research and hypothesis testing concerning
the growth of Gondwanaland must necessarily involve the comparative
geology of each component coupled with precise geochronology. The latter is
particularly important since it is clear that rifting events overlap in time with
compressional events (Dalziel 1991; Hoffman 1991), which implies that
Gondwanaland was continually changing up until it reached its final
configuration at the end of Cambrian time.
Biologically, the Vendian period and its transition into the Cambrian
marks an interval that ushered in the first metazoans and witnessed their
remarkable diversification across the Precambrian-Cambrian boundary
(Cloud 1988). This event follows approximately 3 billion years of microbial
and plant evolution; the abrupt faunal "explosion" was originally thought to
be a result of major breaks in the stratigraphic record, but has since been
discarded in favor of biological hypotheses including kinetic evolutionary
models, ecological feedback, dramatic increase in habitat area created by the
Cambrian transgression, increased atmospheric oxygen, and manipulation of
calcium by organisms (cf. Stanley, 1976; Sepkoski, 1979; Runnegar, 1982;
Glaessner, 1984).
More recent research has shown that the Ediacaran animals did not
radiate into a world that was devoid of diversity, rather into one that was
ecologically complex and taxonomically diverse as represented by various
assemblages of microfossils (Knoll and Swett 1987; Zang and Walter 1989;
Knoll et al. 1991). As argued by Knoll (1991), "this provides the evolutionary
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context in which early metazoan evolution must be understood. Equally
important, however, is the environmental context." Detailed studies of the
physical stratigraphy and sedimentology of Vendian sections, with eye on
calibrating the environmental conditions embracing the rise and fall of
Ediacaran animals are sparse. Notable exceptions to this, however, include
the studies of Christie-Blick et al. (1990), Mount (1989), and Jenkins et al.,
(1983) in South Australia and Narbonne et al. (1987) and Landing et al. (1987)
in Newfoundland. More recently, important sections in the Nama Group,
Namibia, have been documented in terms of their paleontological content,
absolute age constraints, and regional sequence and chemostratigraphic
frameworks (Grotzinger et al. 1995; Saylor et al. 1995; Saylor et al. In Press).
These studies demonstrate the important role of sequence boundaries and
abrupt changes in depositional environment in controlling the distribution
of fossil and trace fossil assemblages and underscore the need for similar
future studies in other key areas. Finally, the diversity of Vendian fossil
assemblages can be used as an important biostratigraphic tool, provided that
the assemblages are calibrated in absolute time and demonstrated to be
isochronous in their evolution (Narbonne et al. 1994; Grotzinger et al. 1995).
Thus, future work should concentrate on appropriate areas for dating where
suitable lithologies occur.
Geochemically, the Vendian stratigraphic record of carbonate sediments
contains evidence for significant deviations in the carbon and strontium
isotopic composition of seawater. Variations in the carbon isotope ratios of
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carbonates are interpreted to primarily reflect (in unaltered samples)
variations in the rate of organic carbon burial which in turn relate to primary
productivity and rates of sediment subduction (Hayes et al. 1983; Worsley et
al. 1985; Knoll et al. 1986). It has recently been interpreted that inferred high
rates of carbon burial in the Vendian resulted in an increase in the oxidizing
potential of the atmosphere and hydrosphere that eventually gave rise to a
more oxygen rich biosphere (Knoll et al. 1986). Once the physiological
attributes resulting from exposure to previously low oxygen levels were
overcome, microscopic organisms were free to evolve to the macroforms of
younger times (Knoll et al. 1986).
Variations in the strontium isotopic ratios of carbonates are interpreted to
primarily reflect (in unaltered samples) a competition between variations in
the rates of continental weathering and in rates of hydrothermal influx along
ocean spreading ridges (Veizer and Compston 1976; Veizer 1985). Recently, it
has been suggested that unusually low Sr ratios throughout the late
Proterozoic point to exceptionally intense hydrothermal activity at that time
(Veizer 1985; Derry et al. 1992). In turn, this provides a mechanism for rapid
burial of organic carbon at that time (Knoll et al. 1986), as discussed above.
The prospect of two independently varying isotopic systems constitute a
major tool for chemostratigraphic correlations of late Proterozoic stratigraphy
on an intercontinental basis (Knoll et al. 1986; Derry et al. 1992; Kaufman et al.
1993; Kaufman and Knoll 1995). Use of this technique is growing in
Proterozoic applications, which has had considerable success in the
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correlation of much younger strata (e.g. DePaolo and Ingram 1985). It holds
great promise for future correlations of well preserved Proterozoic carbonate
sequences (Myrow and Grotzinger, in press). In fact, it is already being used in
combination with magnetostratigraphic data for independent testing of the
age equivalence of early Cambrian sequences (Kirschvink et al. 1991).
However, besides the obvious limitation imposed by diagenetic disruption of
primary values, the carbon and strontium curves have only recently been
tested in intrabasinal correlation against other independent proxies such as
the litho and sequence stratigraphies (Saylor et al. 1995; Pelechaty et al. 1996;
Saylor et al. In Press). More work of this type is clearly needed to demonstrate
the viability of this approach for high resolution intrabasinal correlation. The
advantage of this is that parts of the Vendian isotope curve are now
reasonably well calibrated in absolute time (Grotzinger et al. 1995) and thus
changes in the form of the model curve can be used for evaluating
differential rates of subsidence within a single basin or between unrelated
basin. Distortion of the curve can also be used to identify unconformities
with subtle physical expression (Myrow and Grotzinger, in press).
Consequently, an important line of future research would be to attempt to
chronometrically calibrate sections where curves have been established and
complement this with detailed physical stratigraphic analysis that could be
used as a cross-check on intrabasinal chemostratigraphic correlations in the
same area. This is an important aspect of the research completed in this
thesis.
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GEOLOGIC AND PALEONTOLOGIC SETTING OF NAMA GROUP AND
KUIBIS SUBGROUP
The geology of southern Namibia, including the distribution of the Nama
Group, is shown in Figure 1. The Nama Group has been interpreted as a
foreland basin fill (Germs 1983; Gresse and Germs 1993) related to
convergence along the western and northern margins of the Kalahari craton
and overthrusting in the Damara orogen (Miller 1983). Structural,
metamorphic, and geochronologic studies indicate that convergence and
crustal thickening began in the Damara orogen at approximately 700 Ma,
reached a thermal culmination at about 650 Ma, and was followed by
intrusion of post-tectonic granites at 570 Ma (Miller 1983). Emplacement of
the greenschist grade Naukluft nappe complex, which in part involves Nama
stratigraphy, occurred between 570 and 560 Ma (Horstmann et al. 1990). The
Naukluft Nappe complex represents a marginal thrust belt transitional
between the autochthonous Nama Group and high grade metamorphic rocks
of the Damara hinterland (Martin 1965; Miller 1983). The Damara orogen is a
well-documented segment of the larger Pan African orogenic system and
figures prominently in recent reconstructions of Gondwanaland (e.g.
Hoffman 1991).
The general stratigraphy of the Nama Group has been outlined by Martin
(1965) and in a series of papers by Germs (1972; 1974; 1983). All stratigraphic
studies to date have been based on regional mapping at 1:100,000 scale. This
work generated several regional stratigraphic cross-sections (Germs 1974;
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Germs 1983). Figure 2 shows a cross-section which trends approximately
perpendicular to the basin axis and illustrates the major stratigraphic
relationships. The Nama Group generally consists of a number of marine
shelf siliciclastic and carbonate sequences (Kuibis and Schwartzrand
Subgroups) overlain by alluvial to shallow marine redbeds (Fish River
Subgroup). Near the basin axis, thicknesses are on the order of 2-3 km,
thinning to less than 1 km farther onto the craton (Germs 1974; Germs 1983).
It is possible that Nama thicknesses may have been closer to 5-6 km before
rebound and erosion of the basin fill (Horstmann et al. 1990). Siliciclastic
sediments of the Kuibis and Schwartzrand Subgroups are largely derived
from western sources of the Kalahari craton, whereas the Fish River
Subgroup is entirely derived from eastern and northern sources of the
uplifted Damara orogen (Germs 1983).
Figure 3 summarizes the geochronologic constraints on the Nama Group,
which are provided by U-Pb zircon ages on several units within the Nama
Group (Grotzinger et al. 1995). An ash bed within the northern Nama basin
yields an age of 548.9 Ma for the middle Kuibis Subgroup (Grotzinger et al.
1995). In southern exposures of the Nama, the overlying Schwarzrand
Subgroup contains ash beds which yield, in ascending order, ages of 545.1 Ma,
543.3 Ma and 539.4 Ma (Grotzinger et al. 1995). The Precambrian-Cambrian
boundary in Namibia is bracketed by the 543.3 Ma and 539.4 Ma ages, although
this also includes a significant unconformity; on a global basis the
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Precambrian-Cambrian boundary is currently regarded to be on the order of
543 Ma.
Paleontological investigations of the Nama Group have a long history
beginning with the discovery of Ediacaran body fossils (Gurich 1933), and
later described in detail by Pflug (1970; 1970; 1972), Germs (1972; 1973), Jenkins
(1985). This was followed the discovery of new Ediacaran taxa (Grotzinger et
al. 1995; Narbonne et al. 1997). Trace fossils have been described by Germs
(1972; 1972), Glaessner (1984), Crimes and Germs (1982), and Grotzinger et al.
(1995). Acritarchs and the macrofossil Vendotaenia have been discovered in
shales (Germs, Knoll et al. 1986; J.P. Grotzinger and A.H. Knoll, unpublished
data). Finally, calcified metaphytes akin to Paleozoic phylloid algae and fossils
of the probable shelly metazoan Cloudina, in addition to several other taxa,
are described from carbonate in carbonate facies of the Nama Group (Germs
1972; Germs 1972; Grant 1990; Grant et al. 1991; Grotzinger et al. 1995).
The Nama Group has a rich Vendian fossil record that is dispersed
throughout the entire section and in all lithologies (Figure 3). Unfortunately,
most of these studies lack detailed paleoenvironmental information that
would be critical to establishing a paleoecological and biogeographical context.
Additional stratigraphic and sedimentologic work would help provide the
necessary framework as well as result in new discoveries. That the latter is
certain can already be shown by recent discoveries made during the past few
years (Grotzinger et al. 1995; Narbonne et al. 1997). These include a new taxon
of Ediacaran organism, an outcroping shale-based biota of well preserved
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vendotaenids, as well as the discovery of pinnacle reefs constructed by a
consortium of microbial thrombolitic mesoclots, Cloudina, and several new
taxa of calcified metazoans (?). These deposits may well constitute the oldest
known reefs constructed by organisms other than non-calcifying microbes.
The work presented in this thesis directly contributes to the stratigraphic and
paleoenvironmental framework of reefs of this type preserved in the
northern Kuibis Subgroup.
In the northern Nama Basin the Kuibis Subgroup forms a well-developed
carbonate platform that thickens from the Osis arch northward to the
Naukluft Mountains (Germs 1983). This change in thickness is accompanied
a gradation from shallow water facies in the south to deeper-water, basinal
facies in near the Naukluft mountains (Germs 1983). The broad distribution
of facies which defines this gradation is consistent with development of the
Kuibis platform as a major carbonate ramp (Saylor et al. In Press). One of the
major goals of the current study is to better define these facies in terms of
processes responsible for their development, and to develop a general model
for this carbonate ramp. Accordingly, the next section is devoted to describing
and interpreting the major facies assemblages.
FACIES DESCRIPTIONS AND INTERPRETATIONS
Depositional facies of the Kuibis Subgroup can be classified according to
the scheme presented in Burchette and Wright (1992). Accordingly, the inner
ramp is an assemblage of the shallowest facies, formed above fair weather
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wave base, including sand shoals, thrombolitic/stromatolitic buildups, and
back-barrier lagoonal and peritidal deposits. The mid-ramp environment is
characterized as the zone between fair weather wave base and storm wave
base, and is marked by deposition of storm-related hummocky cross-
stratification, planar stratification, and graded beds, separated by intervals of
shales and mudstones. The outer ramp is characterized by facies which show
occasional evidence for storm deposition, but mostly deposition of shales and
mudstones. The basinal environment often contains deposits formed
exclusively below storm wave base, but may include deposits triggered by
storms, such as graded beds formed by dilute turbidity flows.
The general makeup of facies within the Kuibis Subgroup indicate that
deposition occurred on a storm to wave-dominated ramp. There is little
evidence for tidal deposition, and most coarser facies show evidence for
having accumulated under the influence of episodic, strong flows, often of
clearly oscillatory behavior.
Kuibis facies are discussed in terms of their interpreted position on the
ramp, starting with inner ramp environments and working through to
basinal facies. Figures 4 and 5 illustrate the stratigraphic relationships within
the northern Kuibis Subgroup. Appendices 2 and 3 provide information on
the location and stratigraphic details of individual measured sections used to
construct figures 4 and 5.
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Inner ramp
Transgressive sandstone facies: Stratigraphically, this facies occurs at the
base of the Kuibis Subgroup, typically directly overlying the basal
unconformity. It is overlain by shallow marine carbonate deposits of the
Omkyk Member.
This facies consists of a thick basal lag of very coarse to pebbly trough
cross-bedded sandstone in thin to medium lenticular beds, overlain by thin,
wavy to discontinuous beds of fine to coarse trough-crossbedded sandstone
(Figure 6). Sandstones are interbedded with rare thin beds of silt, shale, and
sandy, laminated fenestral carbonate mudstone. Fossil occurrence is very
rare, restricted to the fenestral limestone beds, and consists of millimeter-
scale Cloudina, in addition to cups, and simple tubes. This observation is
significant in that it indicates that these organisms had evolved by the time
that initial deposition in the northern Nama basin occurred; their first
appearance coincides with transgressive flooding of the Kalahari craton.
The deposition of sandstones is interpreted to have occurred in a fluvial
braidplain to shallow marine environment during initial marine
transgression. Given their thin, sheet-like geometry, these deposits are very
similar to the transgressive sandstones associated with flooding of cratons at
other times in geologic history. Analogous deposits include the late Archean
Black Reef and Vryburg quartzites that onlap the Kaapvaal craton (Cheney
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1996) , and the early to middle Cambrian Tapeats sandstone that onlaps
crystalline basement of the western US (Barnes and Christiansen 1967).
Peritidal Facies: This facies occurs in the lowermost Omkyk Member,
immediately above the transgressive sandstone facies, and is overlain by
subtidal calcarenite and lagoonal facies.
The tidal flat facies consists of thin to medium interbedded fenestral
mudstone, silty maroon shale, and minor mudstone, calcisiltite, fine arenite
and fine sandstone. The fenestral mudstone is irregularly laminated, often in
a swirly manner, and commonly contains quartz sand grains, mudchips, and
desiccation cracks (Figure 7). Uncommonly, small domal stromatolites with
<5 cm of synoptic relief also are present. Fossil occurrence is rare, limited to
millimeter-scale tubes where lime mudstones are intercalated.
This facies is interpreted to have been deposited on tidal flats
characterized by microbial mats, periodic desiccation, and generally low-
energy conditions punctuated by occasional higher-energy storm and current
events depositing coarser sediment (Aitken 1967; Hardie and Shinn 1986).
The tidal flats were bounded landward by the marginal marine braidplain and
basinward by subtidal, wave swept lagoonal or open-shale environments.
The lack of fossils in this facies, despite the evidence for development of
microbial mats, suggests two possibilities: that stromatolitic communities
may not have been beneficial to the growth of the fossil organisms, or that
sediment mobility was too high for colonization. On the other hand, it is
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possible that they were limited due to environmental restriction associated
with the peritidal regime (Wilson 1975).
Lagoonal Facies: The lagoonal facies is identified mostly on the basis of its
stratigraphic position between the tidal flat facies and overlying calcarenite-
grainstone facies which is interpreted to have formed protective shoals (See
Figures 3, 4). It is restricted to the lower part of the Omkyk Member.
The lagoonal facies is distinguished by thin beds of carbonate mudstone,
possibly burrowed, siltstone/very fine sandstone, and a microbialite
component that lacks stratiform thrombolite but includes minor regular
microlaminite in addition to irregular laminite (Figure 8). Fossil occurrence
is rare and consists of millimeter-scale tubes in mudstone layers within
uncommon thrombolite beds.
The lagoonal facies is interpreted to have been deposited above
fairweather wave-base in a back-barrier lagoon between tidal flats landward
and grainstone shoals basinward (Read et al. 1986; Burchette and Wright
1992). In that arguments supporting lagoonal interpretations often depend on
evidence of biotic restriction, including burrowing infauna, it is difficult to
add further support to the interpretation given here in the absence of a well-
developed fauna in rocks of this age. Nevertheless, its stratigraphic position
and presence of finer-grained sediments are consistent with this
interpretation.
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Calcarenite and Grainstone Shoals: The shoal deposits formed of
calcarenite and coarse grainstone cap shoaling sequences in the lower and
upper Omkyk and in the middle and upper Hoogland. Calcarenites are very
fine to medium grained and display abundant sedimentary structures
including planar stratification, quasiplanar stratification (Arnott 1993),
hummocky cross-stratification, wavy bedding, ripple cross-bedding and
trough cross-bedding (Figure 9). These facies are interbedded with minor
interbedded thin to medium beds of stratiform thrombolite, irregular
laminite, mudstone, platy-intraclast conglomerate, and green shale. Very fine
arenite beds are commonly convoluted, often to a high degree, typically in the
lower Omkyk. Fossil are very rare, and limited to millimeter-scale tubes and
fragments, and usually are found within intercalated thrombolite, mudstone,
or platy-intraclast beds.
The grainstone facies is found at the top of shoaling sequences in the
lower and upper Omkyk and in the middle and upper Hoogland. This facies
consists of amalgamated sets of medium to very thick beds of coarse to very
coarse arenite and grainstone. Sedimentary structures include planar
stratification, wavy bedding, planar cross-bedding, and large trough cross-
bedding (Figure 10). At the top of the Omkyk Member, grainstones are capped
by a laterally extensive thrombolite-stromatolite biostrome. This biostrome is
composed of numerous merged bioherms, many of which have well-
developed channels filled with coarse grainstone (Figure 11).
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The calcarenite shoal facies is interpreted to have been deposited in
moderately high-energy conditions, with occasional periods of quiescence,
behind grainstone shoal barriers in slightly greater water depths. The
presence of quasiplanar stratification and hummocky cross-stratification
indicate that these sediments were transported during episodic strong flows,
probably of combined unidirectional and oscillatory nature (Southard et al.
1990; Arnott 1993). This evidence points to reworking in the presence of
storms; fairweather waves may have been primarily responsible for lower
velocity flows leading to development of trough cross-bedding and ripple
cross-stratification.
The coarser grainstone facies is interpreted to have been deposited in
shoals and bars on the upper reaches of a high-energy shoreface strongly
influenced by waves and currents. The lack of large scale cross-beds and
sandwaves, and absence of bimodal tabular-planar cross-bedding indicates
that these sediments were not significantly affected by tidal currents (Walker
1984). Ooids developed within these constantly agitated shoal conditions.
Fossils are not noted in this facies, although biogenic hard-parts might
possibly have contributed as a source of the non-oolitic grains. However, as
discussed below (see Discussion), this is hard to invoke given the absence of
fossils from this facies (not even occasional whole fossils are seen), as well as
the presence of bioclastic fragmental detritus. On the other hand it is possible
to generate grains of this type by abrasion of larger intraclasts or
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amalgamation of micritic particles to form larger sand-sized grains. In some
cases, grains that have an aggregate ("grapestone") origin are clearly visible.
Thrombolite Biostromes: The thrombolite biostrome facies is found at
two stratigraphic levels in the Omkyk Member. In the first case, a laterally
extensive thrombolitic biostrome capping the Omkyk (Figures 4, 5) appears to
occupy a position consistent with an accommodation minimum; it is not yet
clear whether the sequence boundary identified by Saylor et al. (In Press)
occurs immediately above the biostrome, placing it in a terminal highstand
position, or immediately below the biostrome, placing it in an initial
transgressive position. The second occurrence of the thrombolitic biostrome
facies is at the approximate level of the maximum flooding surface in the
middle Omkyk (Figures 4, 5), and so these reefs dearly are associated with a
time of increased accommodation. This lower biostrome is present
depositionally updip of the main study area as a continuous biostrome (Zebra
River) which breaks up into patch-reef bioherms toward and within
Donkergange; elsewhere it forms large, downslope pinnacle reefs. The
transition from continuous biostrome to discontinuous patch reefs is best
exposed within the Zebra River valley, between Donkergange and Zebra
River farms.
The thrombolite biostrome facies consists of massive thrombolite,
stratiform thrombolite and stromatolitic thrombolite forming columns,
branching columns, heads and domes of generally decimeter dimensions and
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relief. In general, the cores of domes and columns are characterized by a
thrombolitic texture, whereas the margins become progressively more
stromatolitic in nature, exhibiting crude lamination (Figure 12). This
marginal texture is best described as a stromatolitic thrombolite (Kennard and
James 1986). Columns are consistently elongated with an azimuth of 270°-
310°. Fossils are very abundant and the intrachannel fill between domes and
columns consists of a trough cross-bedded, fossiliferous packstone and
grainstone of simple tubes, more complex cups and goblets, and their
bioclastic detritus. Fossils range in size from millimeter-scale up to 2
centimeters in width (Figure 13). The thrombolitic cores of domes and
columns contain fossils and fossil fragments up to 1 centimeter wide, whereas
the stromatolitic rinds of domes and columns contain millimeter-scale fossils
and fragments. Data that illustrate the strong relationship between fossil
content and thrombolitic textures are shown in Appendix 1.
The thrombolite biostrome facies characteristically developed as broad,
laterally continuous reef complexes which became discontinuous down
depositional dip into isolated bioherms and pinnacle reefs. Energy conditions
were high, as is evidenced by the trough cross-bedded intrachannel
grainstone, the elongation of the stromatolitic thrombolite columns, and the
association of this facies with the grainstone facies. The extremely consistent
orientation of the thrombolite elongation is consistent with that of other
platforms where wave action is inferred to be responsible for the elongation
(Hoffman 1969; Grotzinger 1986). This interpretation supports other evidence
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that the Kuibis ramp was a wave- and storm-dominated system, where the
dominant currents were induced by strong wave-generated flows.
Mid-ramp
Calcarenite dominated heterolithic facies: This facies is found
throughout the Hoogland and Omkyk Members and typically forms meter-
scale shoaling cycles distinguished by shale-rich bases and calcarenite caps.
It consists predominately (-50-60%) of very thin to thinly bedded
stratiform thrombolite and irregular laminite interbedded with very thin to
thinly bedded mudstone, platy-intraclast conglomerate, fine calcarenite with
planar to low angle cross-stratification, and minor green shale. The
stratiform thrombolite commonly forms small, low domes and often displays
a replacement fabric characterized by coarse calcite spar which forms a discrete
splotchy fabric (Figure 14). Splotches generally are 0.5 - 1 cm in diameter, and
often are organized along bedding planes and often coalesce to form
discontinuous thin bands. Splotches appear to replace fossils, as well as
thrombolitic mesoclots. Fossil occurrence is moderate, with millimeter- to
cm-scale tubes and rings in mudstone to wackstone abundance. Fossils are
found predominately in the stratiform thrombolite beds, and as lag deposits
on bedding planes.
These deposits are interpreted as the shallowest water facies of the mid
ramp, forming at the limit of fairweather wave base. Fine calcarenite beds are
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interpreted as. storm deposits, with back ground sedimentation including
fallout of suspended siliciclastic and carbonate muds, and growth of
stratiform thrombolite textures on the seafloor.
Matrix-supported intraclast breccias: Several shallowing-upward cycles in
the upper Hoogland Member are capped by highly convoluted, matrix-
supported, platy-intraclast breccia beds (Figure 15). The beds cap hummocky
cross-stratified calcarenites and commonly parallel bedding, with undulatory
(scoured?) basal contacts. However, in several cases the breccias can be
observed to cross cut the underlying calcarenites and thus seem to be at least
partly intrusive in origin.
The breccias are clearly associated with the underlying storm-generated
hummocky cross-stratified beds. Accordingly, they are interpreted to result
from storm-induced flows in the presence of the gentle ramp depositional
slope. However, explanation of the cross-cutting breccias is more
troublesome and requires a mechanism to mobilize brecciation within a
partially compacted bed. More work is required to understand these breccias
and should focus on their spatial distribution as well as stratigraphic
occurrence.
Mudstone-dominated heterolithic facies: This facies is subtly different
from the previously described calcarenite-dominated heterolithic facies and is
found mostly in the lower Hoogland Member and in the middle Omkyk
Member.
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This facies consists of a lower proportion (-30%) of thin to medium
bedded very fine to fine calcarenite, interbedded with thinly bedded stratiform
thrombolites and irregular laminite, as well as abundant mudstone, platy-
intraclast conglomerate, and minor green shale. The stratiform thrombolite
commonly contains low domes as well as the calcite replacement texture
featuring spar-rich diagenetic textures. Again, the splotchy spar replacement
texture is best developed in beds containing fossils and thrombolitic
mesoclots. Very fine arenite beds often display hummocky/low-angle cross-
stratification (Figure 16) and commonly are convoluted (Figure 17), often to a
high degree, especially in the middle Omkyk. Fossil abundance is moderate,
with millimeter- to centimeter-scale tubes, rings and fragments forming fossil
wackestones. However, fossil packstones are abundant as bedding-plane lag
deposits. Fossiliferous beds are predominately stratiform thrombolite and
mudstone.
The mudstone-dominated heterolithic facies is interpreted to have been
deposited in slightly deeper water than the calcarenite-dominated heterolithic
facies, below fairweather wave base, but above storm wave base.
Outer ramp
Deposits of the outer ramp setting are found predominately in the middle
and upper Hoogland, and in minor amounts at the maximum flooding
interval in the middle Omkyk.
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Facies deposited in this setting are gradational with those of the mid-
ramp, distinguishable only on a basis of the observed proportions of the
heterolithic components. Dominant facies consist of green shale (-50%), with
interbedded very thin to thinly bedded mudstone, stratiform
thrombolite/very thickly laminated irregular laminite, and minor calcarenite
and platy-intraclast conglomerate. The calcarenite beds are thin (<15 cm
thick) and exhibit planar to low angle cross-stratification. The stratiform
thrombolite beds often develop low domes with 1-2 cm of synoptic relief.
Splotchy, spar-rich diagenetic fabric is common. Fossil occurrence is very
rare, with millimeter-scale tubes and fragments present in thrombolites and
mudstones; their abundance is not great enough to form textural
wackestones.
The deep ramp facies is interpreted to have been deposited near the limit
of storm wave-base.
Basin
Sediments which accumulated in the deepest part of the ramp are found
in the upper Hoogland, but may be considered a tongue of the Urikos Shale
Member, which stratigraphically overlies the Hoogland member (Figures 4,
5). The Urikos Member is the basal unit of the Schwarzrand Subgroup;
Urikos shales ultimately blanketed the Kuibis platform as the advancing
sediment wedge, derived from the uplifting Damara orogenic belt, smothered
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carbonate production in the basin (Germs 1983; Gresse and Germs 1993; Saylor
et al. In Press).
This facies consists overwhelmingly of green shale, with rare thin to
medium beds of mudstone, calcisiltite, very fine calcarenite, and quartz
siltstone to very fine sandstone. The calcarenite and sandstone beds display
planar to low angle cross-stratification in the uppermost Hoogland. Fossils
were not observed in this facies.
The basin facies is interpreted to have been deposited below storm wave-
base due the absence of hummocky cross-stratification and presence of
calcarenite beds with only planar lamination and ripples, interpreted to result
from decelerating turbidity flows. These flows may have been generated by
storms, but deposited sediment below the level at which storm-produced
waves could influence sedimentation. Furthermore, it is possible that
deposition occurred below the photic zone due to the absence of irregular
laminites and thrombolites. In both cases these facies may have involved
growth through the trapping-and-binding and precipitation-inducing
activities of photosynthetic microbes and possibly green algae (Feldmann and
McKenzie 1997; Feldmann and McKenzie 1998; Grotzinger and Knoll 1998).
Consequently, their absence in the basinal setting may relate to the fact that
sediments were being deposited below the photic zone. Alternatively, it is
possible that microbial mats were established, but their growth was stifled due
to the high influx of sediment from the advancing orogen; it is important to
recognize that the best shale facies are developed at high stratigraphic levels
29
in the Hoogland, and as carbonates past northward into time-equivalent
siliciclastic sediments. Both of these stratigraphic relationships are due to the
fact that the Kuibis platform developed in a foreland basin, which suffered
progressive downwarping and clastic sediment advance due to migrating
tectonic loads (Bally et al. 1966; Beaumont 1981; Germs 1983; Hoffman and
Grotzinger 1993).
SUBDIVISION AND CORRELATION OF KUIBIS SUBGROUP
Previous Work
The Kuibis Subgroup is the basal unit of the Nama Group. It is regionally
widespread, consisting of a thin, basal, transgressive sandstone that grades
upward into a major carbonate platform that ranges in thickness from 150 to
500 meters thick. Proximal facies generally are mostly limestone, whereas
deepwater facies are mixed with shales and fine sandstones. Outcrops of the
Kuibis Subgroup extend from the Gobabis area of west-central Namibia to the
Naukluft Mountains of east-central Namibia, continuing southward along
the escarpment to southern Namibia and into northeast South Africa (Germs
1972; Germs 1983; Gresse and Germs 1993). Between Gobabis and the
Naukluft Mountains the Kuibis Subgroup is relatively poorly exposed,
whereas along the escarpment between the Naukluft Mountains and the
Orange River it is more-or-less continuously exposed in superb outcrops (see
Figure 18). The regional lithostratigraphy has been established by Germs
(1972; 1983) and Gresse and Germs (1993), the regional sequence stratigraphy
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established by Saylor et al. (1995; In Press), and the regional chemostratigraphy
by Kaufman et al. (1991) and Saylor et al. (1995; In Press).
Existing stratigraphic studies in the Kuibis Subgroup suggest that it
youngs northward along the escarpment from southern to central Namibia.
This diachroneity may be strong; data presented in Saylor et al. (In Press)
indicate that the stratigraphically lowest part of the Kuibis Subgroup exposed
in central Namibia may be mostly younger than the lithologically equivalent
strata in southern Namibia. This conclusion is supported by carbon isotopic
data, which show that the lower Kuibis in southern Namibia is characterized
by a substantial negative excursion in C-isotopic values (Npg interval; see
Saylor et al. (In Press) for terminology) , up to -4 per mil over 100 meters of
section, before shifting abruptly to strongly positive values in the uppermost
Kuibis Subgroup. In contrast, in northern exposures only the basal few 10's of
meters of the Kuibis Subgroup are characterized by negative values before
shifting to positive values for the rest of the subgroup. This diachroneity was
interpreted by Saylor and colleagues as evidence of different times of
transgressive onlap of the Kalahari craton due to earlier subsidence in
southern Namibia; in turn, since the Nama basin is interpreted as a
compound collisional foredeep (Gresse and Germs 1993), this may be regarded
to indicate that initial collision occurred first in the south.
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Lithostratigraphy
In the area of the Donkergange and Zebra River farms, the Kuibis
Subgroup overlies a basal unconformity on crystalline basement. A coarse,
transgressive sandstone a few meters thick is overlain by approximately 250
meters of shallow carbonate platform deposits of the Omkyk Member (Figures
4, 5; see sections in Appendix 3).
The Omkyk Member is composed of a lower resistant-weathering
interval, overlain by a middle recessive interval, and finally, an upper
resistant interval, all of approximately equal thickness. The lower resistant
interval is a coarsening-upwards shoaling sequence capped by calcarenite and
grainstone shoals. The middle recessive interval and the upper resistant
interval together comprise a second coarsening-upwards shoaling sequence.
Calcarenite and grainstone shoals of this second sequence are capped by a
thrombolitic biostrome of regional extent and as much as 20 meters thickness.
Along the Zebra River, near the border between Donkergange and Zebra
River, a lower biostrome is also present in a depositionally up-dip position.
However, lateral tracing of this unit demonstrates that it breaks up into small
patch reefs and then pinches out altogether and is correlative with the upper
part of the middle recessive interval (see Figure 5; reefs are present between
sections 97-9 and 97-6, but break up and pinchout down dip between section
97-6 and section 97-7). However, C-isotopic data (see below) suggest that time-
equivalent pinnacle reefs are developed in down dip positions much closer to
the Damara orogenic belt and in a zone where tectonic subsidence would
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have been higher. This is best seen in Figure 4, which indicates that a
significant reef is present in section 97-3 that correlates with the middle
recessive interval of the Omkyk member in the Donkergange area. Regional
mapping by Germs (1972; 1974; 1983) showed that this reef was a pinnacle reef
in nature. Additional mapping and aerial photography during the course of
the present study confirmed this interpretation.
The Omkyk Member reaches its maximum regional thickness in the
main study area and pinches out southward towards the Osis Arch. At Zaris,
the Omkyk Member is less than 100 meters thick, but is still capped by the
thrombolitic biostrome. However, on the Driedoonvlakte farm near Schlip,
the Omkyk Member is 500 meters thick, owing to the presence of a large
pinnacle reef.
Overlying the Omkyk Member are the deeper water mid- to outer ramp
and basinal facies of the almost 300 meter thick Hoogland Member. Two
major shoaling cycles, characterized by calcarenite and intraclast-ooid
grainstone are present in the Hoogland Member. These grainstones form
prominent cliffs in the southern canyons of Donkergange and Zebra River,
but pass into deeper ramp facies toward the northeast part of Zebra River
farm and northern part of Donkergange. The shale-out of the upper
grainstone unit of the Hoogland member is spectacularly exposed along the
canyons which follow transects parallel to the strike line defined by sections
97-6 and 97-9. This facies transition is captured in Figure 5, where the
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grainstones capping the top of section 97-6 can be seen to pass laterally into
finer calcarenites and shales at the top of section 97-9.
The upper grainstone of the Hoogland Member is abruptly overlain by
the basinal shale of the Urikos Member. The Hoogland-Urikos contact
coincides with the boundary between the Kuibis and overlying Schwarzrand
Subgroup and marks the onset of sustained deep water sedimentation in the
foreland basin and the termination of carbonate production. Although shales
of the basinal facies are present in the upper Hoogland, they are interbedded
with hummocky cross-stratified calcarenites and coarse, intraclast-ooid
grainstones. Thus, during deposition of the uppermost Hoogland, water
depths may have been considerably shallower, and the presence of this facies
may have been the result of an accelerating siliciclastic sediment influx from
the encroaching Damara Orogen to the north.
Chemos tratigraphy
Methods: In general, the finest-grained, most pristine-looking samples
were collected at two to five meter intervals along detailed measured sections.
Most samples consist of fine-grained lime mudstone, occasionally dolomitic,
supplemented by fewer numbers of calcarenites and coarser grainstones. All
samples for dissolution were obtained using microsampling techniques with
care taken to avoid cements and zones of obvious recrystallization. All
samples are limestone with the exception of those collected from the
biostromal facies which tend to be a mixture of limestone and dolomitic
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limestone. Samples were dissolved in phosphoric acid at 90°C and analyzed
on a VG PRISM m stable isotope mass spectrometer in the MIT Stable Isotope
Lab. Analyses of 8'3C and 6180 were obtained relative to PDB using both NBS-
19 and CGB standards. CBG is the lab standard generated from the 63-177gm
grain size fraction of hand-ground Carrera marble. The internal precision of
the mass spectrometer is estimated to have a standard deviation of 0.004 for
613C and 0.008 for 6180. Analytical uncertainties are greater and were
estimated to be approximately 0.019 for 813C and 0.081 for 8180 at the time of
analysis. Standards were measured at the beginning and end of a set of runs
to obtain a correction for systematic drift. Analytical results are presented in
Appendix 4.
Trace element tests for sample alteration were not performed on these
rocks because past results in rocks from the same local area (Saylor et al. In
Press), as well as numerous other studies in terminal Proterozoic rocks
(Narbonne et al. 1994; Knoll et al. 1995; Pelechaty et al. 1996) indicate that
"alteration", as defined by high Mn/Sr and Fe/Sr ratios or strongly negative
8180, does not result in noticeable resetting of C-isotopic values.
Consequently, in an effort to process a large number of samples for several
densely spaced sections, this additional work was not undertaken.
Nevertheless, a test for the integrity of the data is possible by comparison
of the Omkyk Member shown in section 97-4 (Donkergange; Figures 4, 5) with
the Omkyk Member shown in the Zebra River section of Saylor et al. (In
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Press; their figure 3). Saylor et al. (In Press) conducted extensive tests for
sample alteration using Fe, Mn, and Sr trace element distributions. These
two sections are almost identical lithologically and in thickness and are
separated by only a few kilometers in lateral distance. The only difference is
that the section studied by Saylor et al. used a sample spacing of 10 meters in
contrast to a 3-meter sample spacing for section 97-4. A comparison of the
two reveals significant first-order similarity including the basal negative C-
isotope excursion to values of -1.5 per mil, followed by a systematic rise to +4
to +6 per mil. In detail, the sections differ significantly in that whereas the
Zebra River section of Saylor et al. (In Press) shows a generally smooth rise,
the data presented here for section 97-4 show the same overall rise, but with
superimposed higher frequency oscillations, probably due to the much higher
resolution sampling interval (3 m vs. 10 m). These higher frequency
excursions are discussed further below and are thought to be regionally
extensive, despite substantial facies changes; in this regard the excursions
provide significant chronostratigraphic control.
Results: During the present study, eight sections were measured and
described in detail (see Appendix 3). Five of these sections were sampled at
two- to five-meter intervals (see Appendix 4), including two in the main
study area (the adjoining farms of Donkergange and Zebra River), two
southwards towards the Zaris Pass and one at the farm Driedoomvlakte,
which sits structurally beneath the Naukluft Nappes and is therefore most
basinward and closest to the orogenic suture.
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In general, the carbon isotope curve from the Kuibis Subgroup is
characterized by negative 613C values of as much as -6 per mil at the base that
quickly increase to positive values, reaching a maximum of +6 per mil in the
upper Omkyk Member (Figures 4, 5; sections 97-2,4). Values then decrease to
between +3 and +4 per mil at the top of the Omkyk Member, and then remain
invariant or decrease slightly through the Hoogland Member to values of +2
per mil (Figures 4, 5; sections 97-2, 4, 6).
The basal negative interval (correlated with gray shading in Figures 3 and
4) is present in essentially constant thickness for over 100 km from north to
south in the study area and shows relatively little thinning and evidence of
onlap southward towards the Osis Arch. This implies that north of the Osis
Arch, the basal Kuibis was deposited over a broad area of low topographical
relief and differential subsidence. The uniformity of the facies in this interval
indicates that at this time depositional strike was also north-south, with a
source area from the Kalahari craton to the east (Germs, 1983). However, the
interval of rising, positive carbon isotope values (unshaded in Figures 4 and
5) is represented by increasing thickness to the north, implying that by this
time, subsidence in the region was being influenced by the effect of thrust
sheet loading within the Damara Orogen to the north. The two southern-
most sections continued to experience low subsidence rates, and the isotopic
curves of these condensed sections are of much lower resolution that those
closer to the orogen.
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The northernmost section, where the pinnacle reef at Driedoornvlakte is
present, was closest to the Damara orogen and shows the effect of foreland
basin subsidence most dramatically. Here, the basal interval characterized by
negative carbon isotope values is not significantly thicker than sections 100
km to the south (compare Driedoornvlagte - section 97-3, with Omkyk -
section 97-2), but the remaining 450 m of section at Driedoornvlagte are
completely contained within the positive increasing carbon isotope interval,
which is equivalent to about 50 meters of strata at Omkyk. The pinnacle reef
initiated at approximately the same stratigraphic level as the lower biostrome.
As subsidence accelerated, it was able to remain in the photic zone by a high
rate of upward growth, as is evidenced by the marked uniformity of its
isotopic values. The pinnacle reef was finally drowned out at the
stratigraphic horizon of the maximum flooding surface in the middle Omkyk
Member.
The positive falling interval (correlated with gray shading in Figures 4
and 5) is represented by the uppermost Omkyk Member. As currently
interpreted, Figure 4 shows a sequence boundary at Omkyk to occur at the top
of a thrombolite biostrome and thus this time of falling positive carbon
isotope values appears to show differential subsidence, with a minimum in
the Omkyk area. However, if the sequence boundary is placed at the top of
the calcarenite facies which is stratigraphically above the thrombolite
biostrome, then the falling positive carbon isotope interval is approximately
of uniform thickness between Zaris and Donkergange. This alternate
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interpretation is supported by the falling positive carbon isotope values
which characterize the calcarenite unit above the biostrome.
Much of the Hoogland Member, shown in section 97-6 (Zebra River)
shows similar trends to that previously reported by Saylor et al. (In Press) and
is characterized by relatively invariant carbon isotope values that average
about 2 per mil. However, the two sections differ from each other in that the
data reported by Saylor et al. show a drift to values close to 0 per mil at the top
of the Hoogland, whereas those shown in section 97-6 maintain an average of
about 2 per mil. In both cases, the scatter in the data increases near the top
(coincident with the upper grainstone) and it is possible that diagenetic
resetting has occurred. Given that the top of the Hoogland is interpreted as a
sequence boundary, and ooids within the capping grainstone show evidence
of meteoric dissolution (see Figure 11), it is possible that the data of Saylor et
al. (In Press) have been systematically shifted to less positive values due to the
introduction of light carbon during diagenesis (Constanz 1986; Zempolich,
Wilkinson et al. 1988; Fairchild et al. 1990).
The cross-section illustrated in Figure 5 is much more local in extent and
trends with an E-W orientation. Both of these factors contribute to more
even distribution of thicknesses, with little evidence of differential
thickening. The cross-section is representative of facies distributions in a
strike line. However, facies transitions and small increases in thickness
indicate that the more westerly sections (97-1 and 97-4) are relatively more
basinward in paleogeographic position. This is shown by the pinchout of the
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thrombolite biostromes: the lower biostrome pinches out between sections
97-6 and 97-7; similarly, west of section 97-1 the dominant biostrome in the
Omkyk (upper biostrome) also pinches out (not shown on cross-section).
One noteworthy detail is the abrupt shift from strongly positive to less
positive carbon isotope across the maximum flooding surface of Sequence 3.
This corresponds lithologically to a facies which is considered to be part of the
outer ramp, which marks a significant increase in water depth. Thus, it is
possible that this carbon isotope shift corresponds to a change in the
composition of seawater which is dependent on water depth. Alternatively,
this discontinuity may be a measure of the hiatus present along the
maximum flooding surface.
Sequence stratigraphy
Four depositional sequences can be correlated across the study area; two
are contained within the Omkyk Member and two within the Hoogland
Member (Figures 4, 5). This mapping differs significantly from Saylor et al.
(In Press) who established only two sequences during their reconnaissance
study of the northern Kuibis Subgroup. Their lower and upper sequences
corresponded to the complete Omkyk and complete Hoogland members,
respectively. We agree with Saylor et al.'s picks of the member boundaries as
sequence boundaries, but define two other boundaries which are contained
within each member (Figures 4, 5). The delineation of sequences in the Kuibis
by Saylor et al (in Press) was influenced by their recognition of only two
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sequences in the Kuibis Subgroup exposed in southern Namibia, called K1
and K2 (Saylor et al. 1995). However, the Kuibis is much thicker in the
northern Nama Basin and therefore more likely to capture a more highly
resolved record of the sequence architecture (Vail et al. 1977; Christie-Blick et
al. 1988). Accordingly, we agree with Saylor et al. (In Press) that the entirely
negative carbon isotope values that characterize Sequence K1 suggest that it is
not present in the northern Kuibis Subgroup. This implies that initial onlap
of the Kalahari craton occurred first in the southern part of the Nama basin.
However, Sequence K2 is characterized by initially negative carbon isotope
values that pass abruptly into strongly positive values (Saylor et al., In Press);
accordingly this suggests that Sequence K2 of Saylor et al. (in Press) is
equivalent to Sequence 1 of Figures 4 and 5, which is characterized by initially
negative carbon isotope values that shift to strongly positive values near the
middle of the sequence, approximately coincident with the maximum
flooding surface.
In further revision of the sequence stratigraphy of Saylor et al. (1995; In
Press), we additionally suggest that sequences 2, 3, and 4 are not present in the
Kuibis Subgroup of southern Namibia. Time equivalent strata either were
not deposited or preserved in the southern Nama basin or, alternatively, the
two sequences of the Hoogland Member in the northern Nama basin are
correlative with the siliciclastic strata of the lower Schwarzrand Subgroup in
the southern Nama basin. If true, this makes a very specific prediction about
the carbon isotopic composition of the lowermost strata of the Schwarzrand
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Subgroup in the southern Nama basin - they should have strongly positive to
falling positive values. Present summaries of the carbon isotope stratigraphy
of the composite Nama group consider the Schwarzrand Subgroup to be
characterized by relatively invariant values of +1 to +2 per mil (Grotzinger et
al. 1995; Saylor et al. In Press). Unfortunately, no carbonate rocks have been
identified within these siliciclastic strata and so it is not currently possible to
conduct that test (see figure 2, section "D" of Saylor et al., In Press for data gap
in lower Schwarzrand Subgroup). However, given the current evidence for
onlap of the craton occurring first in the south, it makes sense that tectonic
loading, subsidence and advance of orogenically-derived clastics also occurred
first there too.
Sequence 1 is particularly well expressed at Section 97-4 (see Figure 5).
The nonconformity atop crystalline basement marks the sequence boundary
over which the transgressive system tract of Sequence 1 is deposited. The top
of the basal transgressive sandstone marks the maximum flooding surface
which is then successively overlain by highstand facies including tidal flat,
lagoonal, and calcarenite shoal facies of the inner ramp. Sequence 1 is
abruptly overlain by a relatively thick interval of mudstone-dominated
heterolithic interbedded facies in the middle Omkyk Member, interpreted as
the transgressive systems tract of Sequence 2. The maximum flooding surface
occurs near the top of this interval, which is then overlain by the calcarenite-
dominated heterolithic interbedded facies, which in turn is overlain by the
lower thrombolite biostrome or patch reefs. Consequently, these reefs are
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interpreted to form the initial highstand deposits of Sequence 2, at a time
when accommodation was near its maximum, and sediment fluxes may have
been relatively low. The bulk of the highstand system tract is comprised of a
coarsening upwards shoaling sequence of intermediate and shallow ramp
facies, overlain by grainstone shoals and capped by a thrombolite biostrome.
The thrombolite biostrome has elongated columns oriented consistently
WNW, indicating that the depocenter of the basin had started to swing
northward by this time.
At section 97-3 (Driedoornvlagte), Sequence 2 is curtailed due to the
presence of a transgressive systems tract of exaggerated thickness and
development of a spectacular pinnacle reef. We interpret the terminal
drowning of this reef to be coincident with the maximum flooding surface of
Sequence 2; thus highstand deposits are not represented as carbonate facies,
but are contained within the very poorly exposed basinal shales of the Urikos
member, the basal unit of the Schwarzrand Subgroup. Thus, as in southern
Namibia, the northernmost section of the Kuibis Subgroup in the northern
Nama basin (closest to orogenic belt) shows evidence for earlier drowning of
the carbonate platform relative to sections in more cratonward positions.
Consequently, this drowning event is interpreted to be a tectonic, rather than
eustatic event.
The sequence boundary between the Omkyk and Hoogland members,
which separates Sequence 2 from Sequence 3, is marked by an abrupt
deepening of facies, placing outer and mid-ramp facies directly over the
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thrombolite biostrome capping Sequence 2. The maximum flooding surface
of Sequence 3 is quickly reached in the lower Hoogland Member and is
succeeded by a shoaling interval which, again, is capped by cross-bedded
grainstone shoal facies of the inner ramp setting. A third sequence boundary
occurs at the top of this shoaling interval which is marked by the abrupt
juxtaposition of basinal facies directly atop the cross-bedded grainstones.
Evidence of vadose diagenesis includes partly to completely dissolved ooids
and other grains within the underlying grainstone. However, karst, if
present, is not well expressed. The transgressive systems tract of Sequence 4
is marked by a relatively thick succession of the calcarenite-dominated
heterolithic interbedded facies of the mid-ramp setting. The maximum
flooding surface occurs at the top of this interval, followed by deposition of
outer ramp to basinal facies, including green shales, platy intraclast breccias,
and shale-dominated heterolithic interbeds which form the initial highstand
deposits of Sequence 4. The upper part of the highstand systems tract is
marked by a shallowing sequence, which culminates in up to 50 meters of
cross-bedded calcarenite to coarse grainstone shoal deposits. Grainstones at
the top of this sequence show evidence of intra-particle dissolution, similar to
the grainstones at the top of Sequence 3. However, the sequence boundary
does not show direct evidence of karsting.
The Sequence 4 is buried by the basinal Urikos shale (flysch), marking the
end of carbonate production in the basin. The grainstone at the top of
Sequence 4, marking the top of the Hoogland member shales out rapidly to
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the north, indicating that the depocenter of the basin has by this time shifted
decisively to the north.
DISCUSSION
Carbonate Production Through Time
On the modem Earth, sedimentary carbonates are formed primarily
through the carbonate-secreting metabolic activities of higher metazoan
organisms. It is widely known that Phanerozoic carbonate production is
essentially organic and that this process contributes over 90% of all carbonate
sediments, with only minor amounts of inorganic precipitation occurring in
restricted interstitial pores (for review see Bathurst 1975; Wilson 1975; Tucker
and Wright 1990). Biological evolution has had a profound effect on the
succession of carbonate-secreting organisms which, in turn, affect the
mineralogy and facies architecture of carbonate platforms. It is likely that this
motif has been operative since the early Cambrian radiation of calcified
invertebrates, although at certain times in Phanerozoic history (i.e. Permian),
the oceans may have inorganically precipitated locally important amounts of
carbonates (Grotzinger and Knoll 1995).
This situation for Phanerozoic carbonates is fundamentally different
from Proterozoic and Archean carbonates, where most, if not all carbonate
may have been precipitated as an indirect microbial process (i.e. non-skeletal
calcification) or entirely abiotically (Grotzinger and Read 1983; Grotzinger
1986; Grotzinger 1989; Fairchild et al. 1990; Grotzinger 1990; Knoll and Swett
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1990; Fairchild 1991; Grotzinger 1993; Grotzinger and Kasting 1993; Knoll,
Fairchild et al. 1993; Grotzinger 1994; Sami and James 1996; Sumner and
Grotzinger 1996; Sumner and Grotzinger 1996). During this time period it is
likely that the most important biologic processes operated by changing
seawater pH and carbonate alkalinity, including C02 extraction by
photoautotrophs (Thompson and Ferris 1990), and sulfate reduction and
methanogenesis, both accomplished by heterotrophic bacteria (Canfield and
Raiswell 1991; Goyet et al. 1991; Chafetz and Buczynski 1992).
Archean and Proterozoic carbonates exhibit a first-order secular trend in
the distribution of facies, particularly with respect to the volume of seafloor
precipitates (Grotzinger 1989; Grotzinger 1990; Knoll and Swett 1990;
Grotzinger and Kasting 1993; Kah and Knoll 1996; Sumner and Grotzinger
1996). These precipitates are present both as discrete seafloor encrustations of
non-mat origin and as microbialite fabrics. In the former case, the precipitates
are morphologically and mineralogically identical to marine cements of
Phanerozoic age (Kerans 1982; Grotzinger and Read 1983; Fairchild, Marshall
et al. 1990; Sumner and Grotzinger 1996), with the striking difference that they
don't just fill voids but are widespread as direct precipitates on the seafloor
itself. The broad pattern that emerges is a distinct, long-term decrease in the
abundance of inorganically precipitated marine aragonite and calcite
paralleled by a decline in the abundance of precipitated microbialites
(Grotzinger 1990). The simplest interpretation is that during the
Precambrian, oceanic surface water was substantially oversaturated with
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respect to calcium carbonate, well above the factor of 3-5 that is typical of the
oceans today (Li et al. 1969). The saturation state of ocean surface water is
inferred to have been highest in the Archean, declining through the
Paleoproterozoic and Mesoproterozoic, and reaching near-Phanerozoic values
only during the later Neoproterozoic or Cambrian (Grotzinger 1989; Fairchild
et al. 1990; Knoll and Swett 1990; Grotzinger and Kasting 1993; Knoll et al.
1993). Grotzinger and Kasting (1993) noted that this interpretation is
consistent with the observations that the partial pressure of atmospheric
carbon dioxide may have been much greater early in Earth history (Kasting
1987) and that the total alkalinity in sea water may have been much higher as
a result. Other theoretical arguments have been presented (Kempe and
Degens 1985; Kempe and Kazmierczak 1994) which also favor elevated
alkalinity in early "soda" oceans, albeit at extreme levels; however, a
substantial geologic database on evaporite and carbonate deposits argues
against such extreme conditions (Holland 1984; Grotzinger and Kasting 1993).
The Precambrian decrease in the saturation state of seawater is thought to
relate to at least two factors: 1) the long-term transfer of inorganic carbon from
the atmosphere and ocean to the continents as a result of the formation, by
2.5-2.0 Ga, of large and stable continents capable of preserving substantial
limestone and dolostone deposits, and 2) a major decrease in concentration of
reduced (and therefore more soluble) iron and manganese in seawater as a
result of a Paleoproterozoic increase in oxygen levels in the atmosphere and
surface seawater (Cloud 1968; Holland and Beukes 1990). It is postulated that
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Fe2 + and Mn2 + acted as in the same manner as Mg2 + does in inhibiting
calcium carbonate precipitation (Berner 1975; Mucci and Morse 1983; Sumner
and Grotzinger 1996). The major decline of seafloor precipitates, both
inorganic and microbial, occurs hundreds of millions of years before the
Precambrian-Cambrian boundary and, thus, cannot be related to the advent of
carbonate-secreting metazoans and higher algae. In terms of its effects on
carbonate facies and textures, this decline is as significant as the Cambrian
radiation of skeletonized organisms and the Mesozoic evolution of calcareous
microplankton.
Advent and Organism Calcification and its Impact on Platform Carbonate
Budgets
Many interesting changes in the character of Precambrian carbonate
sediments occur during the Neoproterozoic including the advent of calcified
skeletons, the prominent decline in stromatolites, and the dominance of
ramps over rimmed shelves.
Neoproterozoic strata contain the first evidence for calcification of
metazoans and metaphytes (Knoll and Walter 1992). For several decades it
has been recognized that Cloudina occurs well below the Precambrian-
Cambrian (Germs 1972), and more recently it has been shown to have a global
distribution in rocks of terminal Proterozoic age (Grant 1990). Most recently,
it has been shown that other calcified taxa co-occur with Cloudina in
Namibia, and that the several Cambrian-aspect shelly fossils may have ranges
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that also extend below the boundary (Grotzinger et al. 1995). This contrasts
strongly with the conventional view that skeletal calcification is a Cambrian
novelty. Remnants of what appear to have been platy algae similar to the late
Paleozoic phylloids are present in Namibia (Grant et al. 1991), and structures
of less certain multicellular affinity are present in the western USA
(Horodyski and Mankiewicz 1990). Previous studies of Cloudina show that it
is locally very abundant, possibly having formed thickets atop microbial reefs
(Germs 1972; Germs 1972; Grant 1990). Furthermore, other shelly taxa which
co-occur with Cloudina in Namibia (Grotzinger et al. 1995) are important in
the construction of pinnacle reefs and can be demonstrated to form bioclastic
sheets (Grotzinger and Khetani 1994). Consequently, organisms with calcified
skeletons seem to have influenced carbonate platforms prior to the early
Cambrian invertebrate radiation by supplying coarse (skeletal) grains to
otherwise quiet environments, by adding to the ecologic complexity of reefs,
and by locally forming bioclastic sheets where reworking occurred. Calcified
fossils in the Kuibis Subgroup show a strong affinity for thrombolitic facies
(Appendix 1).
By placing the occurrence of various calcified fossil taxa within a
lithostratigraphic and sequence stratigraphic framework, the results presented
here demonstrate several clear trends. In the first case, the abundance of
fossils in general strongly coincides with the development of thrombolitic
textures. Although mudstones and grainstones of various composition are
both present, fossils are rare in these facies except where thrombolitic
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bioherms also occur; in these cases, fossils appear as bioclastic debris shed
from the developing buildups. Several interpretations of the significance of
this relationship are possible. In the first case it might be argued that the
microbially- and possibly green algal-dominated environment resulted in
some sort of beneficial symbiosis for the calcified organisms; however, to the
extent that this may have been true, it is not likely that the calcified
organisms were obligate symbionts in that while rare, they do occur as
bioclastic sheets in facies that are entirely devoid of thrombolites.
An alternative possibility, and the one which is favored here, is that the
calcifying organisms showed preference for a firm substrate and low
sedimentation rates. The general absence of calcified fossils in the mudstones
and calcisiltites/calcarenites of the Omkyk-Hoogland platform suggests
strongly that these organisms were not pelagic. Given a likely benthic origin,
the organisms may have been restricted to sites where sediment mobility was
low so that they would not be smothered. Similarly, their absence in
mudstone may indicate that low water-column turbidity was required for
their growth, an environmental prerequisite for many filter feeders.
Origin of carbonate grains
The dominant facies of the Omkyk-Hoogland platform are mudstones
and silt to sand-sized clastic carbonates, often with grainstone textures and
abundant evidence of current-produced cross-, hummocky-, and planar-
stratification. Unfossiliferous mudstones are important, but clastic-textured
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carbonates composed of silt to coarse sand sized particles are most abundant.
The problem, then, is to generate a large volume of essentially silt to sand
sized grains. There are several possible origins for these dominantly non-
oolitic grains including communition of intraclasts and aggregation of
micrite. Fragmentation of skeletal parts also is a possibility and for rocks of
this age it is a question of fundamental importance to establish how
important this process may have been.
As abundant as the fossils are locally, and as strong as their affinity is for
thrombolitic substrates, there is little evidence that shell production was a
major contributor of the sediment particles which constitute the bulk of the
platform. Unfortunately, inspection of these facies in thin section reveals an
indiscriminant origin for these grains due to their small size - most could
have been fine, micritic peloids or small intraclasts. Consequently, the
inference that fossil debris may have contributed little stems from the
observation that no intermediate-sized fossil fragments are observed in the
calcarenites. One would expect that since they commonly occur as cm-scale
objects, that intermediate-sized fragments might be generated as fossils
became abraded to finer sizes. The obvious exception to this is in the case
where fossils are constructed of segments; in this case, sand-size sediment
could have been generated upon post-mortem disarticulation. However, for
all of the fossils studied so far in the Nama, non have been observed to
possess such complex structure involving segmentation (Grotzinger et al., In
Prep). In fact, although the organisms did have a rigid structure, taphonomic
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observations suggest that they still may have been incompletely calcified. In
several cases fossil walls appear to have been flexible enough to deform
plastically, without breaking, during early compaction against other fossils,
thrombolitic mesoclots, or large intraclasts. In addition to the new fossils
reported by Grotzinger et al. (1995; In Prep), this appears also to be true for
Cloudina, which Grant (1990) interpreted to be somewhat flexible. This is
consistent with most petrographic data which suggest an origin for the fossil
calcite involving infilling of voids, perhaps generated by decomposition of
non-calcitic tissue. Consequently, it is possible that calcification occurred as a
largely post-mortem process. This would provide a plausible explanation for
the apparent absence of skeletal debris in the calcarenite facies, despite the
clear abundance of fossils in thrombolitic facies.
A separate mechanism for generation of sand-sized carbonate particles
involves the communition of intraclasts generated by stromatolites (Sami
and James 1993; Sami and James 1996). In this model, fragments of
stromatolites are torn off, transported, and abraded to various degrees to
supply grains abundant enough to form substantial grainstone channel and
shoal deposits. Whereas previous workers have long acknowledged this as a
likely mechanism to supply the outsized intraclasts that commonly are
observed within the narrow channels that alternate with elongate
stromatolites (e.g. Donaldson 1963; Hoffman 1974), Sami and James (1993;
1996) argue that it is possible to uniquely determine a stromatolitic origin for
much of the intraclastic grainstones in the Paleoproterozoic Pethei platform.
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Although the direct evidence of this is not supplied by Sami and James (1993;
1996), it is plausible for grainstones that are intimately associated with well-
developed stromatolitic facies. However, the near absence of stromatolites in
the Kuibis platform rules out the "stromaclast" model of Sami and James
(1993; 1996) as the source of arenitic grainstones in the Omkyk and Hoogland
members. Although thrombolites are developed in these units, and could be
similarly viewed as a source of arenitic carbonate grains, they are a relatively
minor facies.
A third possibility for the source of the grains might have been through a
process in which aggregation of smaller mud-size particles occurred to form
larger silt- to sand-size particles. Micrite, precipitated in the water column as
whitings of either abiotic (Shinn et al. 1989) or microbial origin
(Oppenheimer 1961) would have settled to the sea floor whereupon early,
marine, intraparticle cement would have acted, in effect, to create silt- to
sand-sized "grapestones". In an attempt to account for the abundance of
peloids in modem and ancient reefs, Pedley (1992) reviews the evidence for
carbonate nucleation on bacterial cell walls and proposes that clustering of
these particles to form larger aggregates may be a common process. He points
out that previous studies may have overlooked the clotted internal structure
of many of these peloids, which initiate as "multinucleate aggregates that
grow to over 100 gm". This certainly could account for the abundance of silt-
and sand-sized particles in the Kuibis platform. Furthermore, such a
mechanism is intuitively appealing in that it provides a logical way to explain
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the grain-size distribution of the Kuibis platform as a whole: mudstones and
calcisiltites are most abundant, followed by sand-sized calcarenites, which are
followed by granule- to pebble-sized grainstones which form the shallowest,
most agitated parts of grainstone shoals. Although the coarsest grainstones
contain clasts which show evidence for grain-size enlargement through
precipitation of surficial coatings, a high proportion of these grains also
display grapestone textures which demonstrate their origin as compound
aggregates. Thus, in this model, grains are made progressively larger by the
episodic process of sediment settling, cement precipitating just enough to
bind the particles, and then currents sweep the enlarged particles to form size-
sorted beds. Wave-generated currents were very active on the Kuibis shelf
and this can be considered to have been an extremely efficient size-sorting
process. After these sediments come to rest in an inactive bed, early
lithification, again, may have been the critical agent to grain-size
enlargement. Repetition of the processes of entrainment, transport,
deposition, cementation, and re-entrainment could have produced the size
sorting observed in the platform as a whole.
As viable as this hypothesis may be, however, it is difficult to
demonstrate using conventional petrographic techniques because both the
cements and particles would have been very fine grained and thus texturally
indistinct. For grains that are coarse sand to pebble size, it is possible to
demonstrate a compound origin in many cases. However, for finer grain
sizes recrystallization has commonly obliterated most primary textures.
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Further work, particularly on the best preserved samples, might apply the use
of SEM techniques to recognize the possibly compound origin of the grains.
Stromatolites, Thrombolites, and Ramps
Awramik (1971) and Walter and Heys (1984) compiled Proterozoic
stromatolite taxa and suggested that the diversity of stromatolites reached a
maximum in the middle Riphean, remained constant through the later
Riphean, and declined during the Vendian. They attributed this decline to
the advent of Ediacaran soft-bodied metazoans which may have been capable
of similar grazing/burrowing activities observed by Garrett (1970) for worms
and shelly invertebrates. In addition, it is likely that competitive exclusion by
higher algae may also have contributed to decline of Proterozoic stromatolites
and evidence for late Proterozoic higher algae are being documented in
increasing amounts (Hofmann 1985; Butterfield et al. 1988). A third possible
mechanism that may have contributed to the decline of stromatolites is
compositional change of seawater as first suggested by Fischer (1965) and
Monty (1973). Grotzinger (1989) showed that several secular changes in
platform facies could be related to long-term, unidirectional changes in the
carbonate chemistry of seawater, and then constructed a model (Grotzinger
1990) for how these changes could influence the diversity and abundance of
stromatolites through time. The role of in situ precipitation in the
development of stromatolitic lamination is interpreted as a time dependent
process. It was most important in the early Proterozoic and possibly negligible
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in the late Proterozoic, as discussed in the previous section. The transition
through time is ultimately interpreted to be partially responsible for the
decline of Proterozoic stromatolites as a result of their reduced capacity to
accrete sediment.
The low density (stromatolites per unit volume of rock) of late
Proterozoic stromatolites (Grotzinger 1990) may help to explain the peculiar
absence of rimmed shelves at that time. Of the several examples of late
Proterozoic carbonate platforms discussed in Grotzinger (1989) and Knoll
(1990) all are ramps with one exception (see Bertrand-Sarfati and Moussine-
Pouchkine 1983); it is possible that this may be due to the relative rarity of
stromatolites in the late Proterozoic. It is well known, based on the study of
modern and ancient Phanerozoic platforms, that significant organic buildups
are an essential prerequisite to the establishment of rims, which often consist
of well-defined reef tracts (see Darwin 1842; James 1983; Read 1985; Grammer
et al. 1993). In the absence of organic buildups, which characteristically have
high sedimentation rates, the platform will not undergo strong shelf-to-basin
differentiation marked by steep gradients and abrupt changes in slope.
Instead, transitions between shallow and deep water environments are more
ramp-like, defined over broad spatial distances and without abrupt changes in
slope (Ahr 1973; Read 1985; Burchette and Wright 1992). The absence of linear
stromatolite reefal belts along shelf margins, which are extremely well-
developed in older parts of the Proterozoic and late Archean, provides a
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potential explanation for the prevalence of ramps in the late Proterozoic
(Grotzinger 1990; Grotzinger 1994).
The general absence of stromatolites and limited distribution of
thrombolites in the Kuibis platform surely helps contribute to development
of the platform as a ramp rather than rimmed shelf. The question then
becomes, what limits the growth of stromatolites and thrombolites? While
competitive exclusion by higher algae and changes in the carbonate chemistry
of seawater both help to explain the absence of stromatolites and
thrombolites, there is another factor which may be of greater important to the
exclusion of stromatolites: sediment mobility. The Kuibis platform is
dominated by current-stratified calcisiltites and calcarenites, with lesser
proportions of granule to pebble-size grainstones - it has all of the
characteristics of a wave- and storm-dominated ramp (Burchette and Wright
1992). As such, it is very likely that microbial mats had a difficult time
establishing themselves and preventing smothering by high fluxes of clastic
carbonate. As it turns out, sediment flux is a critically important parameter
in regulating stromatolite growth process of stromatolite growth as shown in
recent studies based on quantitative analysis of specific stromatolite textures
and morphologies (Grotzinger and Rothman 1996), numerical process
modeling (Chan and Grotzinger, In Review), and studies of modem
stromatolite growth processes (Macintyre et al. 1996; Grotzinger and Knoll
1998).
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The basic point is that, physically, the microbiota responsible for building
stromatolites and thrombolites must compete with the influx of sedimentary
detritus in order to populate the depositional interface at densities sufficient
to maintain a coherent mat. Under conditions of relatively small sediment
influx all constituents of the mat community are capable of rising through a
given sediment layer (Des Marais 1995). Logically, as the sedimentation rate
increases past some (currently unknown) critical value, the sediment-
stabilizing effect should drop off dramatically because sediment accumulation
simply outpaces the maximum possible microbial response. The key point is
that in natural systems there will be specific response times and scales for
both microbial and sedimentation processes and the growth of stromatolites
will clearly be sensitive to how these processes balance. The endmember
products of these interactions are clear (Monty 1976). In the absence of
sedimentation, mats will decay and stromatolites will not be formed due to a
lack of building material. On the other hand, stromatolites will not develop
in the presence of critically high sediment fluxes because mat growth is not
sustainable.
Consequently, if sediment flux is high and current velocities are high
enough to keep sediments mobilized, then it is highly probable that
stromatolite/thrombolite growth will be stifled except in local enclaves with
anomalously low sedimentation rates and current velocities. This implies
that current swept platforms will likely develop as ramps since stromatolites
and, for that matter, higher filter-feeding benthic organisms will be prevented
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from developing as reefs due to sediment smothering. Thus, while the
Kuibis platform may have had ramp geometry due to several secular factors
in earth's history of life and environment, it was probably most strongly
influenced by its exposure to high current velocities and sediment production
rates. Interestingly, Kuibis thrombolite buildups are best developed at
changes in the stratigraphic architecture when environmental conditions
may have changed substantially. A good example of this is the development
of the thrombolite/stromatolite biostrome along the contact between the
Omkyk and Hoogland members (Figures 4, 5, 18). This contact also is
interpreted as a stratigraphic flooding surface, and would mark a time when
sediment production rates may have slowed considerably - flooding surfaces
in the carbonate stratigraphic record commonly are associated with features
that mark greatly diminished sediment production including hardgrounds,
accumulation of phosphate, glauconite, and shell lags, and fine siliciclastics
(Sarg 1988). In the Kuibis, biostrome development is interpreted to have
occurred coincidentally with flooding and the deposits immediately overlying
the biostrome are marked by the presence of thin-bedded deepwater shales
and lime mudstones containing some of the highest concentrations of
Cloudina observed in the Nama Group as a whole, in both northern and
southern Namibia. The highest concentrations are observed in association
with another flooding surface, again developed atop a major
thrombolite/stromatolite bioherm, the Driedoornvlagte bioherm (Figure 4,
section 97-3). The bioherm itself represents a substantial pinnacle reef,
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developed during a dramatic increase in accommodation, driven by tectonic
loading along the edge of the Nama foreland basin. Thus, in both cases, the
most substantial thrombolite/stromatolite buildups in the northern Nama
basin are associated with increases in accommodation space and, by inference,
reductions in sediment flux.
60
REFERENCES
Ahr, W. M. (1973). "The carbonate ramp - an alternative to the shelf model."
Transactions, Gulf Coast Geological Society 23: 221-225.
Aitken, J. D. (1967). "Classification and environmental significance of
cryptalgal limestones and dolomites, with illustrations from the
Cambrian and Ordovician of southwestern Alberta." Tournal of
Sedimentary Petrology 37: 1163-1178.
Arnott, R. W. C. (1993). "Quasi-planar-laminated sandstone beds of the Lower
Cretaceous Bootlegger Member, north-central Montana: Evidence of
combined-flow sedimentation." Tournal of Sedimentary Petrology 63: 488-
494.
Awramik, S. M. (1971). "Precambrian columnar stromatolite diversity:
reflection of metazoan appearance." Science 174: p. 825-827.
Bally, A. W., P. L. Gordy, et al. (1966). "Structure, seismic data, and orogenic
evolution of southern Canadian Rockies." Bull. Can. Petrol. Geol. 14: 337-
381.
Barnes, H. and R. L. Christiansen (1967). Cambrian and Precambrian rocks of
the Groom district. Lincoln County. Nevada. United States Geological
Survey Bulletin, 1244-G, 34 p.
Bathurst, R. G. C. (1975). Carbonate sediments and their diagenesis.
Amsterdam, Elsevier Scientific Publishing Company.
61
Beaumont, C. (1981). "Foreland basins." Geophys. . Roy. Astron. Soc. 65: 471-
498.
Bemer, R. A. (1975). "The role of magnesium in the crystal growth of calcite
and aragonite from sea water." Geochim. Cosmochim. Acta 39: 489-504.
Bertrand-Sarfati, J. and A. Moussine-Pouchkine (1983). "Platform-to-basin
facies evolution: the carbonates of late Proterozoic (Vendian) Gourma
(west Africa)." T. Sed. Pet. 53: 275-293.
Beukes, N. J. (1987). "Facies relations, depositional environments and
diagenesis in a major early Proterozoic stromatolitic carbonate platform
to basinal sequence, Campbellrand Subgroup, Transvaal Supergroup,
southern Africa." Sedimentary Geology 54: 1-46.
Bond, G. C., P. A. Nickeson, et al. (1984). "Breakup of a supercontinent
between 625 and 555 Ma: New evidence and implications for continental
histories." Earth and Planetary Science Letters 70: 325-345.
Bowring, S. A., J. P. Grotzinger, et al. (1993). "Calibrating rates of Early
Cambrian evolution." Science 261: 1293-1298.
Burchette, T. P. and V. P. Wright (1992). "Carbonate ramp depositional
systems." Sedimentary Geology 79: 3-57.
Butterfield, N. J., A. H. Knoll, et al. (1988). "Exceptional preservation of fossils
in an Upper Proterozoic shale." Nature 334: p. 424-427.
Canfield, D. E. and R. Raiswell (1991). Carbonate precipitation and dissolution:
its relevance to fossil preservation. Taphonomy: Releasing the data
locked in the fossil record. New York, Plenum Press. 411-453.
62
Cecile, M. P. and F. H. A. Campbell (1978). "Regressive stomatolite reefs and
associated facies, middle Goulburn Group (lower Proterozoic), in
Kilohigok Basin, N.W.T.: an example of environmental control of
stromatolite form." Bull. Can. Soc. Petr. Geol. 26: 237-267.
Chafetz, H. S. and C. Buczynski (1992). "Bacterially induced lithification of
microbial mats." Palaios 7: 277-293.
Cheney, E. S. (1996). "Sequence stratigraphy and plate tectonic significance of
the Transvaal succession of southern Africa and its equivalent in
Western Australia." Precambrian Research 79: 3-24.
Christie-Blick, N., J. P. Grotzinger, et al. (1988). "Sequence stratigraphy in
Proterozoic successions." Geology 16: 100-104.
Christie-Blick, N., C. C. von der Borch, et al. (1990). "Working hypotheses for
the origin of the Wonoka canyons (Neoproterozoic), South Australia."
American Tournal of Science 290-A: 295-332.
Cloud, P. (1968). "Atmospheric and hydrospheric evolution on the primitive
earth." Science 160: 729-736.
Cloud, P. (1988). Oasis in Space. New York, W. W. Norton and Co.
Constanz, B. R. (1986). The primary surface area of corals and variations in
their susceptibility to diagenesis. Reef Diagenesis. Heidelberg, Springer-
Verlag. 53-76.
Crimes, P. T. and G. J. B. Germs (1982). "Trace fossils from the Nama Group
(Precambrian-Cambrian) of Southwest Africa." our. Paleontology 56: 890-
907.
63
Dalziel, I. W. D. (1991). "Pacific margins of Laurentia and east Antarctica-
Australia as a conjugate rift pair: Evidence and implications for an
Eocambrian supercontinent." Geology 19: 598-601.
Darwin, C. (1842). The structure and distribution of coral reefs. Berkeley,
University of California Press. 1962 paperback edition, 214 p.
DePaolo, D. J. and B. L. Ingram (1985). "High resolution stratigraphy with
strontium isotopes." Science 227: 938-941.
Derry, L. A., A. J. Kaufman, et al. (1992). "Sedimentary cycling and
environmental change in the Late Proterozoic: Evidence from stable and
radiogenic isotopes." Geochimica et Cosmochimic Acta 56: 1317-1329.
Des Marais, D. J. (1995). The biogeochemistry of hypersaline microbial mats.
Advances in Microbial Ecology. New York, Plenum Press. 251-274.
Donaldson, J. A. (1963). "Stromatolites in the Denault Formation, Marion
Lake, coast of Labrador, Newfoundland." Geological Survey of Canada
Bulletin 102: 33 p.
Du Toit, A. L. (1937). Our Wandering Continents. Edinburgh, Oliver and
Boyd.
Fairchild, I. J. (1991). "Origins of carbonate in Neoproterozoic stromatolites
and the identification of modern analogues." Precambrian Res. 53: 281-
299.
Fairchild, I. J., J. D. Marshall, et al. (1990). "Stratigraphic shifts in carbon
isotopes from Proterozoic stromatolitic carbonates (Mauritania):
influence of primary mineralogy and diagenesis." Am. . Sci. 290-A: 46-79.
64
Feldmann, M. and J. McKenzie (1998). "Stromatolite-thrombolite associations
in a modem environment, Lee Stocking Island, Bahamas." Palaios 13:
201-212.
Feldmann, M. and J. A. McKenzie (1997). "Messinian stromatolite-
thrombolite associations, Santa Pola, Spain: an analogue for the
Paleozoic?" Sedimentology 44: 893-914.
Fischer, A. G. (1965). "Fossils, early life, and atmospheric history." Proceedings
of the National Academy of Sciences 53: p. 1205-1215.
Garrett, P. (1970). "Phanerozoic stromatolites; non-competitive ecologic
restriction by grazing and burrowing animals." Science 169: p. 171-173.
Germs, G. C. B. (1973). "A reinterpretation of Rangea schneiderhoehni and
the discovery of a related new fossil from the Nama Group, South West
Africa." Lethaia 6: 1-10.
Germs, G. C. B. (1974). "The Nama Group in South West Africa and its
relationship to the Pan African Geosyncline." Journal of Geology 82: 301-
317.
Germs, G. J. B. (1972). "New shelly fossils from the Nama Group, South West
Africa." Am. Tour. Sci. 272: 752-761.
Germs, G. J. B. (1972). "The stratigraphy and paleontology of the lower Nama
Group, South West Africa." Bull. Precambrian Res. Unit 12: 250 pp.
Germs, G. J. B. (1972). "Trace fossils from the Nama Group, South West
Africa." Tour. Paleontology 46: 864-870.
65
Germs, G. J. B. (1983). Implications of a sedimentary facies and depositional
environmental analysis of the Nama Group in South West
Africa/Namibia. Evolution of the Damara Orogen. Geological Society of
South Africa. p. 89-114.
Germs, G. J. B., A. H. Knoll, et al. (1986). "Latest Proterozoic microfossils from
the Nama Group, Namibia (South West Africa)." Precambrian Res. 32: 45-
62.
Glaessner, M. A. (1984). The Dawn of Animal Life. Cambridge, Cambridge
University Press.
Goyet, C., A. L. Bradshaw, et al. (1991). "The carbonate system in the Black
Sea." Deep-Sea Research 38: 1049-1068.
Grammer, G. M., R. N. Ginsburg, et al. (1993). Timing of deposition,
diagenesis, and failure of steep carbonate slopes in response to a high-
amplitude/high-frequency fluctuation in sea level, Tongue of the Ocean,
Bahamas. Carbonate Sequence Stratigraphy. AAPG Memoir 57. 107-131.
Grant, S. W. F. (1990). "Shell structure and distribution of Cloudina, a
potential index fossil for the terminal Proterozoic." Am. . Sci. 290-A: p.
261-294.
Grant, S. W. F., A. H. Knoll, et al. (1991). "Probable calcified metaphytes in the
latest Proterozoic Nama Group, Namibia." . Paleont. 65: p. 1-18.
Gresse, P. G. and G. J. B. Germs (1993). "The Nama foreland basin:
sedimentation, major unconformity bounded sequences and multisided
active margin advance." Precambrian Research 63: 247-272.
66
Grotzinger, J. P. (1986). "Cyclicity and paleoenvironmental dynamics,
Rocknest platform, northwest Canada." Geol. Soc. America Bull. 97: 1208-
1231.
Grotzinger, J. P. (1986). "Evolution of early Proterozoic passive-margin
carbonate platform: Rocknest Formation, Wopmay Orogen, N.W.T.,
Canada." T. Sed. Petrology 56: 831-847.
Grotzinger, J. P. (1989). Facies and evolution of Precambrian carbonate
depositional systems: emergence of the modem platform archetype.
Controls on Carbonate Platform and Basin Development. Society of
Economic Paleontologists and Mineralogists Special Publication 44. 79-
106.
Grotzinger, J. P. (1990). "Geochemical model for Proterozoic stromatolite
decline." Am. J. Sci. 290-A: 80-103.
Grotzinger, J. P. (1993). "New views of old carbonate sediments." Geotimes 38:
12-15.
Grotzinger, J. P. (1994). Trends in Precambrian carbonate sediments and their
implication for understanding evolution. Early Life on Earth. Columbia
University Press. 245-258.
Grotzinger, J. P., S. A. Bowring, et al. (1995). "Biostratigraphic and
geochronologic constraints on early animal evolution." Science 270: 598-
604.
Grotzinger, J. P. and J. F. Kasting (1993). "New constraints on Precambrian
ocean composition." Tour. Geology 101: 235-243.
67
Grotzinger, J. P. and A. Khetani (1994). Facies and diagenesis of late Vendian
thrombolite-shelly (Cloudina?) invertebrate pinnacle reefs, Nama Group,
Namibia. Abstracts With Programs (Northeast Section). Boulder,
Geological Society of America. p. 56.
Grotzinger, J. P. and A. H. Knoll (1995). "Anomalous carbonate precipitates: Is
the Precambrian the key to the Permian?" PALAIOS 10: 578-596.
Grotzinger, J. P. and A. H. Knoll (1998). "Stromatolites in Precambrian
carbonates: Evolutionary Mileposts or Environmental Dipsticks?"
Annual Review of Earth and Planetary Science In Press:
Grotzinger, J. P. and J. F. Read (1983). "Evidence for primary aragonite
precipitation, lower Proterozoic (1.9 Ga) dolomite, Wopmay orogen,
northwest Canada." Geologyv 11: 710-713.
Grotzinger, J. P. and D. R. Rothman (1996). "An abiotic model for stromatolite
morphogenesis." Nature 383: 423-425.
Grotzinger, J. P., D. Y. Sumner, et al. (1993). "Archean carbonate
sedimentation in an active extensional basin, Belingwe Greenstone Belt,
Zimbabwe." 25: A64.
Gurich, G. (1933). "Die Kuibis-Fossiliern der Nama Formation von Sudwest
Afrika." Palaeontologische Zeitschrift 15: 137-154.
Hardie, L. A. and E. A. Shinn (1986). "Carbonate depositional environments,
modem and ancient. Part 3: Tidal flats." Colorado School of Mines
Ouarterly 81(1): 1-74.
Hartnady, C. J. H. (1991). "About turn for the continents." Nature 352: 476-478.
68
Hayes, J. M., I. R. Kaplan, et al. (1983). Precambrian organic geochemistry,
preservation of the record. Earth's Earliest Biosphere. Princeton,
Princeton University Press. 9-134.
Heckel, P. H. (1974). Carbonate buildups in the geologic record: a review.
Reefs in Time and Space. Society of Economic Paleontologists and
Mineralogists Special Publication. 90-154.
Hoffman, P. F. (1969). "Proterozoic paleocurrents and depositional history of
the east arm fold belt, Great Slave Lake." Can. . Earth. Sci. 6: p.441-462.
Hoffman, P. F. (1974). "Shallow and deep-water stromatolites in lower
Proterozoic platform-to-basin facies change, Great Slave Lake, Canada."
Am. Assoc. Petr. Geol. Bull. 58: 856-867.
Hoffman, P. F. (1991). "Did the breakout of Laurentia turn Gondwanaland
inside-out?" Science 252: p. 1409-1412.
Hoffman, P. F. and J. P. Grotzinger (1993). "Orographic precipitation, erosional
unloading, and tectonic style." Geology 21: 195-198.
Hofmann, H. J. (1985). "The mid-Proterozoic Little Dal macrobiota, Mackenzie
Mountains, north-west Canada." Paleontology 28: p. 331-354.
Holland, H. D. (1984). The chemical evolution of the atmosphere and oceans.
Princeton, Princeton University Press.
Holland, H. D. and N. J. Beukes (1990). "A paleoweathering profile from
Griqualand West, South Africa: Evidence for a dramatic rise in
atmospheric oxygen between 2.2 and 1.9 b.y.b.p." Am. our. Sci. 290-A: 1-
34.
69
Horodyski, R. J. and C. Mankiewicz (1990). "Possible late Proterozoic skeletal
algae from the Pahrump Group, Kingston Range, southeastern
California." Am. . Sci. 290-A: p. 149-169.
Horstmann, U. E., H. Ahrendt, et al. (1990). "The metamorphic history of the
Damara orogen based on K/Ar data of detrital white micas from the
Nama Group, Namibia." Precambrian Res. 48: 41-61.
James, N. P. (1983). Reef environment. Carbonate Depositional
Environments. American Association of Petroleum Geologists, Memoir
33. p. 345-440.
James, N. P. (1984). Shallowing-upward sequences in carbonates. Facies
Models. Geoscience Canada, Reprint Series 1. 2, ed. 261-272.
Jenkins, R. J. F., C. H. Ford, et al. (1983). "The Ediacara Member of the
Rawnsley Quartzite: the context of the Ediacara assemblage (late
Precambrian, Flinders Ranges)." Journal of the Geological Society of
Australia 30: 101-119.
Kah, L. C. and A. H. Knoll (1996). "Microbenthic distribution of Proterozoic
tidal flats: environmental and taphonomic considerations." Geology 24:
79-82.
Kasting, J. F. (1987). "Theoretical constraints on oxygen and carbon dioxide
concentrations in the Precambrian atmosphere." Precambrian Res. 34:
205-229.
Kaufman, A. J., J. M. Hayes, et al. (1991). "Isotopic compositions of carbonates
and organic carbon from upper Proterozoic successions in Namibia:
70
stratigraphic variation and the effects of diagenesis and metamorphism."
Precambrian Res. 49: 301-327.
Kaufman, A. J., S. B. Jacobsen, et al. (1993). "The Vendian record of Sr and C
isotopic variations in seawater: Implications for tectonics and
paleoclimate." Earth Planet. Sci. Let. 120: 409-430.
Kaufman, A. J. and A. H. Knoll (1995). "Neoproterozoic variations in the C-
isotope composition of seawater: stratigraphic and biogeochemical
implications." Precambrian Res. 73: 27-50.
Kempe, S. and E. T. Degens (1985). " An early soda ocean?" Chem. Geol. 53: 95-
108.
Kempe, S. and J. Kazmierczak (1994). The role of alkalinity in the evolution of
ocean chemistry, organization of living systems, and biocalcification
processes. Past and Present Biomineralization Processes. Monaco, Monaco
Musee Oceanographie, Bulletin 13. 61-116.
Kennard, J. M. and N. P. James (1986). "Thrombolites and stromatolites: Two
distinct types of microbial structures." PALAIOS 1: 492-503.
Kerans, C. (1982). Sedimentology and Stratigraphy of the Dismal Lakes Group.
Carleton University, PhD Thesis, 413 p.
Kirschvink, J. L., M. Magaritz, Ripperdan, R.L., et al. (1991). "The
Precambrian/Cambrian boundary: Magnetostratigraphy and carbon
isotopes resolve correlation problems between Siberia, Morocco, and
south China." GSA Today 1(4):
71
Knoll, A. H. (1991). "End of the Proterozoic Eon." Scientific American 265: 64-
73.
Knoll, A. H., I. J. Fairchild, et al. (1993). "Calcified microbes in Neoproterozoic
carbonates: Implications for our understanding of the
Proterozoic /Cambrian transition." Palaios 8: 512-525.
Knoll, A. H., J. P. Grotzinger, et al. (1995). "Integrated approaches to terminal
Proterozoic stratigraphy: an example from the Olenek uplift, northeastern
Siberia." Precambrian Res. 73: 251-270.
Knoll, A. H., J. M. Hayes, et al. (1986). "Secular variation in carbon isotope
ratios from Upper Proterozoic successions of Svalbard and East
Greenland." Nature 321: 832-838.
Knoll, A. H. and K. Swett (1987). "Micropaleontology across the Precambrian-
Cambrian boundary in Spitsbergen." Journal of Paleontology 61: 898-926.
Knoll, A. H. and K. Swett (1990). "Carbonate deposition during the later
Proterozoic Era: an example form Spitsbergen." Am. Jour. Sci. 290-A: 104-
132.
Knoll, A. H., K. Swett, et al. (1991). "Paleobiology of a Neoproterozoic tidal
flat/lagoonal complex: the Draken Conglomerate Formation,
Spitsbergen." . Paleont. 65: p. 531-570.
Knoll, A. H. and M. R. Walter (1992). "Latest Proterozoic stratigraphy and
Earth history." Nature 356: 673-678.
Landing, E., G. M. Narbonne, et al. (1987). Faunas and depositional
environments of the upper Precambrian through lower Cambrian,
72
southeastern Newfoundland. Trace Fossils. Small Shelly Fossils and the
Precambrian-Cambrian Boundary. Albany, New York State
Museum/Geological Survey Bulletin 463. 18-52.
Li, T. H., T. Takahashi, et al. (1969). "The degree of saturation of CaCO 3 in the
oceans." . Geophys. Res. 74: 5507-5525.
Macintyre, I. G., R. P. Reid, et al. (1996). "Growth history of stromatolites in a
Holocene fringing reef, Stocking Island, Bahamas." Journal of
Sedimentary Research 66: 231-242.
Martin, H. (1965). The Precambrian geology of southwest Africa and
Namaqualand. Cape Town, Precambrian Research Unit, University of
Cape Town.
Miller, R. M. (1983). The Pan-African Damara orogen of South West
Africa/Namibia. Evolution of the Damara Orogen. Geological Society of
South Africa. 431-515.
Monty, C. L. V. (1973). "Precambrian background and Phanerozoic history of
stromatolitic communities, an overview." Annales de la Societe
Geologique de Belgique 96: p. 585-624.
Monty, C. L. V. (1976). The origin and development of cryptalgal fabrics.
Stromatolites. Amsterdam, Elsevier. 193-249.
Moores, E. M. (1991). "Southwest U.S.-east Antarctic (SWEAT) connection: A
hypothesis." Geology 19: 425-428.
Mount, J. F. (1989). "Re-evaluation of unconformities separating the
"Ediacaran" and Cambrian Systems, South Australia." Palaios 4: 366-373.
73
Mucci, A. and J. W. Morse (1983). "The incorporation of Mg+ 2 and Sr+ 2 into
calcite overgrowths: Influences of growth rate and solution composition."
Geochim. Cosmochim. Acta 47: 217-233.
Narbonne, G. M., A. J. Kaufman, et al. (1994). "Integrated chemostratigraphy
and biostratigraphy of the Windermere Supergroup, northwestern
Canada: Implications for Neoproterozoic correlations and the evolution
of animals." Geological Society of America Bulletin 106: 1281-1292.
Narbonne, G. M., P. M. Myrow, et al. (1987). "A candidate stratotype for the
Precambrian-Cambrian boundary, Fortune Head, Burin Peninsula,
southeastern Newfoundland." Canadian Tour. Earth Sci. 24: 1277-1293.
Narbonne, G. M., B. Z. Saylor, et al. (1997). "The youngest Ediacaran fossils
from southern Africa." Tournal of Paleontology 71: 953-967.
Oppenheimer, C. H. (1961). "Note on the formation of spherical aragonite
bodies in the presence of bacteria." Geochimica et Cosmochimica Acta 23:
259-296.
Pelechaty, S. M., A. J. Kaufman, et al. (1996). "Evaluation of 813C isotope
stratigraphy for intrabasinal correlation: Vendian strata of the Olenek
uplift and Kharaulakh Mountains, Siberian platform, Russia." Geological
Society of America Bulletin 108: 992-1003.
Pflug, H. D. (1970). "Zur fauna der Nama-Schichten in Sudwest Afrika. I.
Pteridinia, Bau und systematische Zuggehorigkeit." Palaeontographica
Abteilung A 135: 198-231.
74
Pflug, H. D. (1970). " Zur fauna der Nama-Schichten in Sudwest Afrika. II.
Rangidae, Bau und systematische Zuggehorigkeit." Palaeontographica
Abteilung A 135: 198-231.
Pflug, H. D. (1972). "Zur fauna der Nama-Schichten in Sudwest Afrika. II.
Erniettomorpha, Bau und systematische Zuggehorigkeit."
Palaeontographica, Abteilung A 139: 134-170.
Read, J. F. (1985). "Carbonate platform facies models." Am. Assoc. Petro. Geol.
Bull. 69: 1-21.
Read, J. F., J. P. Grotzinger, et al. (1986). "Models for generation of carbonate
cycles." Geology 14: 107-110.
Riding, R. and A. Y. Zhuravlev (1995). "Structure and diversity of oldest
sponge-microbe reefs: Lower Cambrian, Aldan River, Siberia." Geology
23: 649-652.
Sami, T. T. and N. P. James (1993). "Evolution of an early Proterozoic foreland
basin carbonate platform, lower Pethei Group, Great Slave Lake,
northwest Canada." Sedimentology 40: 403-430.
Sami, T. T. and N. P. James (1996). "Synsedimentary cements as platform
building blocks, Paleoproterozoic Pethei Group, northwestern Canada."
Tournal Sedimentary Research 66: 209-222.
Sandberg, P. A. (1983). "An oscillating trend in Phanerozoic non-skeletal
carbonate mineralogy." Nature 305: 19-22.
75
Sarg, J. F. (1988). Carbonate sequence stratigraphy. Sea-Level changes: An
integrated approach. Society of Economic Paleontologists and
Mineralogists, Special Publication 42. 155-181.
Saylor, B. Z., J. P. Grotzinger, et al. (1995). "Sequence stratigraphy and
sedimentology of the Neoproterozoic Kuibis and Schwarzrand Subgroups
(Nama Group), Southwest Namibia." Precambrian Res. 73: 153-171.
Saylor, B. Z., J. P. Grotzinger, et al. (In Press). "A composite reference section
for terminal Proterozoic strata of southern Namibia." ournal of
Sedimentary Geology:
Sepkoski, J. J. (1992). Proterozoic-Early Cambrian diversification of metazoans
and metaphytes. The Proterozoic Biosphere. Cambridge, Cambridge
University Press. 553-561.
Shinn, E. A., R. P. Steinen, et al. (1989). "Whitings, a sedimentologic
dilemma." . Sedim. Petrol. 59: p. 147-161.
Simonson, B. M., K. A. Schubel, et al. (in press). Carbonate Sedimentology of
the early Precambrian Hamersley Group of Western Australia. Geological
Society of Western Australia.
Southard, J. B., J. M. Lambie, et al. (1990). "Experiments on bed configurations
in fine sands under bidi-rectional purely oscillatory flow, and the origin
of hummocky cross-stratification." Journal of Sedimentary Petrology 60:
1-17.
Sumner, D. Y. (1995). Facies, Paleogeography, and Carbonate Precipitation in
the Archean (2520 Ma) Campbellrand-Malmani Carbonate Platform,
76
Transvaal Supergroup, South Africa. Massachusetts Institute of
Technology.
Sumner, D. Y. (1997). "Late Archean calcite-microbe interactions: Two
morphologically distinct microbial communities that affected calcite
nucleation differently." Palaios 12: 302-318.
Sumner, D. Y. and J. P. Grotzinger (1996). "Herringbone calcite: Petrography
and environmental significance." Journal of Sedimentary Research 66:
419-429.
Sumner, D. Y. and J. P. Grotzinger (1996). "Were kinetics of Archean calcium
carbonate precipitation related to oxygen concentration?" Geology 24: 119-
122.
Thompson, J. B. and F. G. Ferris (1990). "Cyanobacterial precipitation of
gypsum, calcite, and magnesite from natural alkaline lake water."
Geology 18: 995-998.
Tucker, M. E. and V. P. Wright (1990). Carbonate Sedimentology. Oxford,
Blackwell Scientific Publications. 482 p.
Turner, E. C., G. M. Narbonne, et al. (1993). "Neoproterozoic reef
microstructures from the Little Dal Group, northwestern Canada."
Geology 3: 259-262.
Vail, P. R., R. M. Mitchum, et al. (1977). Seismic stratigraphy and global
changes of sea level, Part 3: Relative changes of sea level from coastal
onlap. Seismic Stratigraphy - Applications to Hydrocarbon Exploration.
American Association of Petroleum Geologists, Memoir 26. 63-81.
77
Valentine, J. W., S. M. Awramik, et al. (1991). "The biological explosion at the
Precambrian-Cambrian boundary." Evol. Biol. 25: 279.
Veizer, J. (1985). Carbonates and ancient oceans: Isotopic and chemical record
on time scales of 107-109 years. The carbon cycle and atmospheric C02:
Natural variations Archean to Present. Washington, American
Geophysical Union. 595-601.
Veizer, J. and W. Compston (1976). "87Sr/86Sr in Precambrian carbonates as
an index of crustal evolution." Geoch. Cosmoch. Acta 40: 905-914.
Walker, R. G. (1984). "Shelf and shallow marine sands." Geoscience Canada
Reprint Series 1: 141-170.
Walter, M. R. and G. R. Heys (1984). "Links between the rise of the metazoa
and the decline of stromatolites." Precamb. Res. 29: p. 149-174.
Wilkinson, B. H., R. M. Owen, et al. (1985). "Submarine hydrothernal
weathering, global eustasy, and carbonate polymorphism in Phanerozoic
marine oolites." J. Sed. Pet. 55: 171-183.
Wilson, J. L. (1975). Carbonate facies in gologic history. New York, Springer-
Verlag, 470 p.
Worsley, T. R., J. B. Moody, et al. (1985). Proterozoic to Recent tectonic tuning
of biogeochemical cycles. The Carbon Cycle and Atmospheric C02:
Natural Variations Archean to Present. Washington, American
Geophysical Union. 561-572.
Zang, W. and M. R. Walter (1989). "Latest Proterozoic plankton from the
Amadeus basin in central Australia." Nature 337: 642-645.
78
Zempolich, W. G., B. H. Wilkinson, et al. (1988). "Diagenesis of late
Proterozoic carbonates: The Beck Spring Dolomite of eastern California."
T. Sed. Pet. 58: 656-672.
79


















Appendix 1
Fossil Content vs. Facies in Section 97-6
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Appendix 2
Localities of Measured Sections
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Appendix 3
Measured Sections
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Stable Isotopic Data
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976086 199.5 1.94425 
9.760851 1 971 1.8325
976084] 195.51 1.7415-
9760831 1 92.'5 1.39851
976082 191! 1.61751
976081 188.5! 0.9075i
976081 188.5 0.92951
9760801 1841 1.7195_
9760801 1841 1.70451
9760791 175.5 1.52751
976078! 173.5! 1.63651
976077 1 691 1.556751
976076 167] 1.67951
9760751 1641 1.68275:
976075_ 1 64 1.63575
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976074 1621 1.542751
9760731 158.51 1.54751
9760721 1561 1.774751
9760721 156 1.782751
976070 1501 1.6225
976069 148.5 1.9225 1
976069 148.51 1.89651
976068 137, 1.11525
9760671 1351 1.57775
9760661 1331 1.40225
976066 133 1.397251
9760651 131 1.808751
9760641 1291 1.82751
9760631 1271 1.66251
9760631 127[ 1.72351
976062 125 1.46951
976061 123 2.2225
9760601 121 2.0615
976059 119! 2.9945j
9760591 1 191 2.386751
9760591 1191 3.0085j
9760591 119 2.42875
9760581 117 2.30425
976057 115 1.5195
9760561 113 2.1025|
9760551 1111 1.9955
976053 1071 2.9895
9760521 105 3.18775
976051 101o 3.3715
976050 99 3.1345
976050! 991 3.0845i
976049i 97 4.0115i
9760491 971 4.0165i
976048 951 3.16951
976047 931 2.0085
976046 911 2.19775
9760451 89 1.70975j
976044 87 2.43875]
9760431 851 2.413251
9760421 831 2.48875!
976041i 80.51 2.725251
9760401 791 2.521251
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976040 79 3.035251
976039 77 3.0985!
9760391 77 3.0895
976038 76.5 2.9075
9760371 75 3.62451
9760361 731 2.9445!
976035 711 1.84425
976034 69 3.1145
976033 67 2.0625
976032 651 2.54175
9760311 631 2.78325
9760301 61 2.9375
976029 5 9 2.727251
976028 57 2.89025!
976027 55i 2.38025i
9760271 551 2.38325
976026 53 2.896251
976025 5 1 2.370751
9760241 49 2.644251
9760241 49 2.62125
976023 47, 2.56625
976022 451 2.30951
9760211 431 2.14325
976020 41! 2.38225
9760191 391 2.7335
9760181 371 2.563251
9760181 37 2.548251
9760171 351 2.94351
9760171 351 1.56775j
9760161 331 2.90275
9760151 311 3.38425
976014 30.4 2.832251
976013! 28 2.854751
976012 26 3.10625!
976011 241 2.749251
9760101 22.31 2.906751
976010! 22.31 2.92575
9760091 201 2.889251
976008 I 181 2.9345i
9760071 161 3.05725,
9760061 13.71 2.63025!
9760061 13.7i 2.625251
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9760051 11.7 2.798251
9760041 5.21 2.770251
976004 5.21 2.818251
9760031 4 2.345251
9760021 21 2.596751
9760011 0_ 2.33751
IZebra River (section 97-5)
975017 49 2.715251
975016 46 3.49725
9750151 431 3.05951
9750151 431 3.0445
9750141 40| 2.84851
9750131 37 2.2991251
9750121 34 2.56351
975011 311 2.49325
975010 271 2.775
9750091 241 2.7991251
975008i 211 2.470251
9750071 181 3.4186251
975006! 151 3.34051
975004 9l 3.979251
975003 6 3.43951
9750031 6 4.74125
9750021 3 4.6825
9750011 0 5.20525
Donkergange (section 97-4
9741191 3471 2.84851
974119f 3471 2.81951
9741171 341 3.19551
974116 3381 3.2551251
9741151 3351 4.6886251
974115i 3351 4.8066251
9741131 3291 4.24751
9741121 326 2.6816251
974111 3231 2.8845
974110 3201 1.686631
9741091 317 2.613625,
974108 3141 2.6601251
974107 3111 2.1475
9741071 3111 2.194125 !
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9741061 308 2.231625
9741051 305 2.09363
9741051 3051 2.112631
9741041 302 2.17251
974103 2991 2.04751
9741031 299! 2.01751
974102 2961 2.0795!
974101 2931 2.0775i
974100| 2901 3.133125i
9740991 287 3.5075
974098 2841 3.350631
974094 2761 2.8975 i
974093 2731 3.268125
974093 2731 3.2591251
9740911 267! 3.6346251
9740911 2 6 7 3.6176251
9740901 264 2.7465i
974089 2611 2.6191251
9740891 2611 2.632125
9740881 2581 2.243625
974086 2531 2.580631
974085 i 250 2.3535
974084 247 2.5795
974083 2441 3.04251
974083 2447 3.0715
974082 2411 3.1346251
974081 2381 2.96751
9740801 235! 3.01551
974079[ 232! 3.360631
9740781 229 3.36551
9740781 2291 3.3695
9740771 226 4.0891251
9740771 226i 4.100125
9740761 2231 4.2545
9740761 223 4.25651
9740751 2201 3.131125!
9740741 217i 2.5065
9740731 2141 4.194625
974072 210 5.0225K
9740721 2101 4.9715!
9740711 2081 5.16951
9740701 2051 5.8456251
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974069 2021 4.2505j
974068 1991 5.87751
9740671 196 5.50251
974066 1931 5.798125j
974065 190 5.14451
9740631 184 5.31351
9740621 1811 5.06051
974061 178 4.2606251
974060 175 2.83963
974059 1721 4.7285
9740581 1691 5.101625
974057 166 4.5171251
974056 164 4.7636251
974054 156 3.812631
9740541 156 3.849631
9740531 1531 3.1846251
974051 1471 3.16963
974049 143 2.838625
974049_ 143 2.792625
9740481 140 3.0875
974045 1371 2.4471251
974044 134 4.00151
9740421 128 2.80463!
9740411 1251 3.289625
974038 - 1141 3.85451
974036 110 3.83863!
9740351 107 2.5975
9 7 40341 104 4.42563
9740341 104 4.437631
974033] 101 3.621631
9740321 981 3.01163
9740311 9 5 2.852625
974031 95 2.9346251
974030! 921 3.619631
9740281 86 1.540625
9740271 831 2.3485
9740261 801 2.799631
9740251 771 2.791625
974024 741 1.74951
9740231 71 2.19763
974021! 641 3.1355!
9740201 621 1.0115i
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9740191 581 3.91863
974018 551 0.673625
9740171 521 1.4541251
9740151 471 -0.00951
9740141 441 0.7275
974014 44i 0.7265!
9740121 381 0.2075 i
9740111 35 0.19963|
9740111 35 0.34063
974009 28.51 0.8665i
9740081 25 1.901631
9740061 201 1.51451
9740051 16.5 4.48351
974005 16.5 4.51451
9740051 16.51 1.5375
9740031 8 -0.4995
9740021 4.51 -1.41651
Driedoornvlakt (section 97-3)
9731521 500 0.611125j
9731511 499 2.217!
973151 499 2.219
9731501 496 1.97625
9731491 493 -1.3571
9731481 490 0.15225
973148 4901 1.274251
973147! 4871 0.76725
9731471 4871 0.653251
9731461 4841 2.6545 _
9731451 481 1.532251
973144 4781 2.322251
9731431 475 1.6905|
973142| 4721 1.76425
9731411 469 1.927251
9731401 4661 1.711251
973138 4601 1.337125
9731381 4601 1.4291251
9731371 4571 2.431251
9731361 454! 2.3851
9731351 4511 2.60451
973135i 4511 2.59451
9731341 447i 2.28351
125
9731331 445 2.04451
9731331 4451 2.06251
973132 4441 2.5125_
9731311 432 2.668251
9731311 432 2.65225
973130 4391 2.65625
9731291 4361 2.2141
973128 423 2.000251
973127 420 1.557251
9731261 4171 1.99625
9731251 414 2.9745
9731241 411 1.65925
9731231 408 2.4051
973122 400 1.9915
9731211 397 2.261251
973120 394 2.471
973119 391 2.2451
9731181 3881 2.38525
9731171 3851 0.839
973116 383 2.427
973115 3791 2.62475
973114 3741 2.475375
973113j 271 2.31851
9731131 271 2.3165
973112 3681 2.61675
973112 3681 2.639751
973111 3651 2.1916251
973110 362 2.3356251
973109 359 2.4205
9731081 356 2.27725]
973108 3561 2.305251
9731071 3531 1.9221
973106' 3501 2.38151
9731051 347 1.4336251
9731041 344 2.7615
9731031 3411 2.50825
973102| 3381 2.625375 
9731011 3351 2.4285
9731001 3321 2.542625
9730991 3301 2.63451
9730981 326 2.1811251
9730971 3231 2.2133751
126
9730961 320 i 2.59051
9730951 317) 2.618375i
973095 317! 2.7083751
9730941 314 2.6365
973093 3111 2.284625
9730921 3081 2.4281
9730921 3081 2.462]
9730911 3051 2.40251
9730901 302 2.6915
9730891 2991 2.469625
9730881 296 2.5123751
_ 9730871 293 1.822625
973086 290 2.410125
973085 287 2.32575
973084 2841 2.222
9730841 284 2.232
973083 2811 2.3295
9730831 281l 2.39951
973082 2781 2.255625
9730811 275 2.2195j
9730801 2731 2.10075|
973079 2691 2.048625
973079! 269 1.892625
9730781 266 2.02275
9730771 263 2.214625
9730761 2601 2.064251
9730761 2601 2.072251
9730751 257 2.150251
9730751 257! 2.19225
973074 254 2.0703751
9730731 251 2.0475
9730731 251 2.08451
973072 2481 2.11075
9730711 2451 1.79775
973071 2451 1.702751
9730701 2421 1.99425i
9730691 2391 2.35725
9730681 2361 2.26725!
9730671 2331 2.481251
973066 2281 2.62325
9730661 228i 2.62925_
9730651 2251 1.7645
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9730641 222 2.44651
9730631 219 2.664375{
973063 219 2.683375
973062 2161 1.77575
9730611 214 2.940625
973060 211| 2.354251
973060 211 2.61725
973059 2081 3.15725
973058 2061 2.616625
9730571 2021 1.870251
973056 199 2.2215
973055 1961 2.72075
9730541 1931 2.255
973053 190 3.0175
973052 187 2
973051 183 2.238
973050 1801 1.6965
973049 177 2.119
9730491 177 2.1
9730481 173 0.9541
9730471 170 2.22451
9730461 1681 1.051251
9730451 165 2.2436251
973045 165i 2.4335_
973045 165i 2.2496251
973044 161 2.7985!
973043 1581 0.91551
973043 1581 2.753625
973043 158 0.89051
973042 154 2.40851
973041 1511 1.7025
973040 1481 2.6061251
9730391 1461 3.2705
9730391 1461 3.26451
9730381 1421 3.1096251
973038j 142[ 3.142625
9730371 1391 2.93925
9730361 1361 3.42751
9730351 133 -0.7715
9730351 133 -0.7655
973034 1301 2.73175|
9730331 126! 0.244375
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973032 1221 2.36951
9730311 1191 1.90851
9730301 1161 2.711751
973029 1141 1.40051
973029 1141 2.00651
9730291 1141 1.39351
9730281 1111 2.05775
9730271 1081 3.30975
9730261 1051 0.53951
9730251 102 1.92475i
973025 1021 2.005751
973024 99 1.798625
973023 96 1.8793751
9730221 92 1.8875
9730211 901 2.46151
9730201 871 2.90775i
9730191 83.51 2.748751
973018 80.5 -2.9415
973017 781 -1.28951
973017 781 -1.26751
973016 72 1.21951
973016 72 1.23751
973015 69 0.0043751
973014 66 1.0553751
973013 62, 0.35451
9730121 57' 2.592751
9730101 511 2.457
9730091 471 2.44875i
9730081 45 1.691625'
9730071 411 -0.3456251
9730061 39! -0.82825i
973006 39 -0.80625
973005 35 -2.8733751
973005 35 -2.8453751
9730041 1 5 -2.7325i
9730031 1 0 -3.15051
Omkyk (section 97-2)
972081 1931 3.813751
972080 1 91 3.051751
9720791 189 2.986751
9720781 1871 3.1323751
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9720771 1851 2.84975
972077 1851 2.84275
9720761 1821 3.868751
9720751 1811 4.30175
972075 1811 4.30675
9720741 178 4.3243751
9720721 175i 3.72775
9720711 1731 3.49775!
9720711 1731 3.57475
972070 1711 3.697375
972069 169! 3.498125
9720681 1671 3.5013751
972067 164 3.6783751
972066 1621 3.561375
972066 1621 3.540375
972065 1601 2.99475i
972064 1581 3.63775!
972063 154 2.57475
9720621 154i 2.635625/
9720621 1521 2.617625
9720611 150 2.697375
9720601 1481 2.865375i
972058 146 3.767375
972057 144 3.35275
972056! 1421 4.116375!
972056 1 42 4.041375
972055 140 3.698625
972054! 138 3.819375
972053 136 3.632375
972052 132 3.425375
9720511 1301 3.2963751
972051 1301 3.1883751
972050 117 2.3883751
9720491 116 2.712751
9720481 1141 2.9253751
972047 1 1 3.73251
972046j 108 3.955625
972045 106 4.7543751
9720451 1061 5.0803751
9720441 1041 3.949625
9720431 102 3.517375
9720421 1001 4.295625,
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972041. 97 4.492625
972039 93 3.970625
972038 91 3.401375
972037 89, 3.74275
972036 87 2.41975
972035 80 4.834625
9720351 801 4.807625
972034 761 4.622625
972033 70 3.89775!1
972032 66 0.2306251
972031 64 0.26375
972030 63 0.60575F
972029 60 3.256625
972028 59 2.820625
972027 57 4.85475
972027 57 5.07275
972026 55 4.10675
972025 531 2.523625
972024 51 -4.774375
972023 48 -0.17125
972022 46 3.042625
9720211 44 0.790375
972020 42 0.53175
9720191 40 3.295625
972018 37 2.33775
9720171 35 -0.39925
972016 i 331 2.219375i
972015 31 -0.36525
972014 29 0.69475
972013 26 2.10575
972013 26 2.207751
972012 24.51 -2.32425
972011 22.5 -0.18925
9720111 22.5 -0.14525
972010 ' 21 -2.370625
972009 19 -3.9363751
972009 191 -3.8343751
972008 1 7 -2.68851
9720071 15.5 -5.77425
9720071 15.15 -6.10725
972006 13 -2.338625
972005 11 -1.9266251
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972005 11 -2.0186251
972004 9 -1.943625
972004 9 -2.5 45 6 25
972003 8.51 -3.877251
972002 71 -5.01325i
972001 4.25 -3.8346251
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